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ABSTRACT
In estuarine systems, the brachyuran crabs exhibit a diversity of larval development 
and dispersal strategies. There is a gradient of dispersal ranging from strong retention 
within hatching habitats to rapid export of larvae from the estuary to the continental shelf. 
This dissertation examined the mechanisms by which physical transport and nutritional 
stress influence recruitment success in species with different larval dispersal strategies.
The first portion of the study examined how larval behaviors influence advective 
transport. Larval vertical migration patterns were examined within the York River, VA. 
Larvae from different families exhibited tidally and light driven vertical migration 
behaviors that promote different patterns of advective transport. The degree to which 
vertical migration is selected for by large scale processes is likely associated with the 
constraint on larval recruitment success imposed by factors within the estuary.
The transport patterns of vertically migrating larvae were examined using a three- 
dimensional hydrodynamic model of the York River. This study compared the distribution 
and dispersal of vertically migrating larvae to those of non-migrating particles.
Differences in the phase of tidal vertical migration and light limited behaviors influenced 
the rate and direction of dispersal. Tidal shear fronts appear to strongly effect the 
distribution of larvae and may play an important role in determining the strength of biotic 
interactions such as predation and nutritional stress.
The role of nutritional stress was examined in a combined field and laboratory 
study. The laboratory study examined the impact of starvation and food quality on the 
survival and biochemical composition of larvae with different dispersal strategies. Larvae 
that develop on the continental shelf generally had greater resistance to starvation than 
those that develop in the estuary. This study examined the biochemical mechanisms 
underlying differences in nutritional resilience. Larvae that develop on the continental 
shelf showed more efficient utilization of essential biochemical constituents during 
nutritional stress. In particular, phospholipid metabolism appeared to be an important 
aspect of the starvation response of brachyuran zoeae.
The biochemical composition of larvae in the natural habitat was examined to 
assess variability in nutritional condition over short time scales associated with the tidal 
cycle. Larvae collected from the field were larger and had higher contents of important 
energetic lipids than those in laboratory studies. These data suggest that nutritional stress 
is relatively rare in the estuary and feeding conditions in the natural habitat promote the 
accumulation of energetic reserves. There was a large degree of short term variability in 
phospholipid composition of larvae in the plankton. These changes are likely associated 
with small scale physical factors that determine the contact rates between zoeae and their 
prey.
The results from this dissertation highlight the importance of small scale and 
ephemeral physical features in the recruitment success of crab zoeae. While large scale 
gradients play an important role in selecting for dispersal strategies, small scale physical 
processes on scales of hours strongly influence the variability in recruitment success of 
crab zoeae.
xii
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INTRODUCTION
Thorson (1950) broadly categorized larval development strategies among marine 
benthic invertebrates. This classification system has undergone modification, but remains 
an important framework for the examination of reproductive strategies (Grahame and 
Branch, 1985). Thorson classified larval types based upon the mode of feeding and 
development. These broad categories are: long-lived planktotrophic larvae that remain in 
the plankton for extended periods and rely upon dietary energy sources, short-lived 
planktotrophic larvae that are in the plankton for short periods (< I week) with fully 
developed guts and are capable of developing in the absence of food, and lecithotrophic 
larvae that have large amounts of maternally supplied reserves and generally short 
planktonic duration on the order of hours (Grahame and Branch, 1985; Thorson, 1950). 
These modes of development were thought to be selected primarily by the trade-off 
between larval mortality in the plankton and adult energy investment in offspring. Vance 
(1973a, b) formalized these selective pressures in models that predicted that only the 
extremes of development patterns (i.e., complete planktotrophy or lecithotrophy) are 
evolutionarily stable, and egg size, as a measure of adult energy investment per larva, 
should show a bimodal distribution among related taxa. While there continues to be 
considerable debate on appropriate measures of fitness (Caswell, 1981), the relationship 
between egg size and energy investment (Underwood, 1974; Hines, 1986a), and the 
importance of energy considerations relative to mortality rates (Underwood, 1974), these 
models continue to find general support within specific taxa (e.g., echinoderms;
Strath man, 1986).
2
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3The planktonic larval form arose in response to strong selective pressures, such as 
predation and resource limitation, in the adult habitat that promoted the movement of 
early juvenile forms to the plankton as a refuge (Strathman, 1986). Larval morphology 
and behavioral traits subsequently arose as adaptations to selective pressures in the 
planktonic habitat (Strathman, 1986). The planktotrophic larvae is considered to be the 
primitive form; therefore, derived states such as lecithotrophy and vivaparity are responses 
to selective pressures in the planktonic habitat that favor the reduction of larval duration. 
Since these strategies involve the loss of feeding structures, they are generally considered 
to be uni-directional adaptations (Strathman, 1986). The rate of mortality in the 
planktonic habitat is particularly important in determining larval development strategy. 
Predation, nutritional stress, and adverse physical transport in the plankton are considered 
the primary processes that select for larval type (Thorson, 1950; Morgan, 1995).
The larval type and the associated length of residence in the plankton has strong 
implications for the rates of evolution and population dynamics of the adult population. 
The extent of both dispersal and spread of larvae is determined by their duration in the 
plankton and the strength and direction of prevailing currents (Palmer and Strathman,
1981; Scheltema, 1986). Lecithotrophic larvae with durations on scales of hours may be 
limited to dispersal scales on the order of hundreds of meters, while long-lived “teleplanic” 
larvae with extended durations (1 year) may have potential dispersal scales of thousands of 
kilometers (Day and McEdward, 1984). Local habitat quality and the frequency of local 
extinctions may place an additional constraint on the evolution of short-lived 
lecithotrophic larvae. Species with long-lived, widely dispersing planktotrophic larvae 
have enhanced gene flow rates, are less susceptible to local extinction, and have longer
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4duration times in the geological record (Palmer and Strathman, 1981; Strathman, 1986). 
These advantages are the byproduct of the larval type rather than selective factors that 
promote planktotrophy (Strathman, 1986; Palmer and Strathman, 1981). Factors in the 
plankton that select for a particular larval type play a strong indirect role in determining 
the overall rates of speciation and gene flow in benthic invertebrates.
Larval type and subsequent recruitment patterns can also have an important impact 
upon the demographic characteristics of benthic invertebrates. Large fluctuations in 
recruitment are generally more likely with planktotrophic larval development Physical 
transport processes in particular tend to be highly variable, resulting in large variation in 
the delivery of larvae to suitable settlement sties and subsequent recruitment (Jackson, 
1986). In contrast lecithotrophic larvae with short planktonic periods are less likely to 
experience adverse physical transport and thus promote consistent recruitment patterns 
which are more sensitive to local variations in parental fecundity and space availability 
(Levin eta l., 1987; Palmer and Strathman, 1981).
The consequences of these differing patterns were explored in a polychaete with 
both types of larval development. Populations employing lecithotrophic larvae had more 
stable population growth rates and produced cohorts that were consistently effective 
colonizers of local substrates, resulting in consistent patterns of strong recruitment. Those 
with planktotrophic larvae were characterized by a more opportunistic lifestyle with the 
ability to rapidly invade habitats following local disturbance, but they were less adapted to 
local conditions (Levin et al., 1987). The type of larval development has a strong impact 
on determining the population growth rates, the degree of fluctuation in population size, 
and the age structure of invertebrate populations. The factors that determine the mortality
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5rate of larvae in the plankton have a strong influence on the characteristics of the adult 
population. They are important not only because they drive the selection of larval types, 
but also because they determine the degree of variability in recruitment success.
While it is apparent that the rate of larval mortality in the plankton plays a strong 
role in determining the overall life history and evolutionary patterns in marine 
invertebrates, estimates of the magnitude and variability in larval mortality are lacking. In 
particular, there are very few direct measures of larval mortality rates associated with the 
three primary selective factors in the plankton: predation, nutritional stress, and physical 
transport (Morgan, 1995; Eckman, 1996; Hines, 1986a). Thorson (1950) originally 
hypothesized that the vast majority of larvae would die in the plankton. Available 
estimates of larval survival rates support this prediction, with survivorship typically 
ranging from I O'2 to 1 O'5 for a wide range of invertebrate taxa (Hines, 1986a). While 
small changes in survivorship rates are very difficult to measure, they can have dramatic 
influences on the recruitment strength of a larval cohort (Hines, 1986a; Morgan, 1995).
In addition, small changes in daily rates of mortality may have a much stronger impact 
upon larval survival and recruitment success than large, easily measured episodes such as 
adverse transport events (Houde, 1989). Measurements of larval mortality are extremely 
difficult, especially considering the inherent variability in the planktonic habitat across a 
wide range of scales. However, these estimates are critical to the understanding of 
population dynamics and evolution rates in marine invertebrates (Eckman, 1996).
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6Larval Development in Brachyuran Crabs
Crustaceans in general and the brachyuran crabs in particular deviate considerably 
from the general models developed for marine benthic invertebrates. A significant 
deviation from the general predictions of both Thorson (1950) and Vance (1973a, b) is the 
utilization of a “mixed” larval development type in the crustaceans. In Vance’s model, the 
primary advantage of the long-lived planktotrophic larvae is low energetic cost per larva, 
allowing high fecundity to offset high mortality in the plankton. The lecithotrophic larvae 
is more expensive to produce in terms of energy, but has reduced mortality. As a result, 
invertebrates should either maximize fecundity by producing as many “cheap” 
planktotrophic larvae as possible or maximize survival by producing few well provisioned 
lecithotrophic larvae (Vance, 1973a, b). These models predict that mixed life-histories, 
including brooding of eggs or embryos should be evolutionarily unstable. However, 
brooding of eggs during the early embryo stage is a general pattern in the decapod 
crustaceans and the brachyuran crabs (Anger, 1995). Given the persistence of this pattern 
within the crustaceans, it is extremely unlikely that this strategy reflects a transitional 
phase as predicted by both Vance’s (1973a, b) and Pechenik’s (1979) models.
The primary costs of brooding are associated with the energy required to produce 
and maintain an egg capsule during embryological development. In terms of traditional 
energetic models, this cost reduces the potential fecundity of the adult since there is a 
limited amount of energy allocated to reproduction (Caswell, 1981). In addition, brooding 
places constraints on egg production associated with physical limitations such as available 
space for carrying brooded eggs, and providing adequate ventilation in the center of the 
egg mass (Hines, 1986b). Since the larva still has a long planktonic period, larval
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7mortality rates are high, and the reduction in fecundity associated with brooding results in 
a reduction in recruitment success.
Brooding larva may impart a survival advantage by protecting larvae in the earliest 
stages of development when they are most susceptible to mortality in the plankton. 
Hatching a larger, better developed larvae with strong swimming capabilities may 
significantly increase survival rates, and offset the reduction in fecundity associated with 
brooding costs. The relative advantage gained by brooding is driven by the degree of 
mortality in the plankton, the enhancement of embryonic survival in the brood, and the 
nature of the trade-off between fecundity and encapsulation (Caswell, 1981). Since egg 
mortality rates and potential sperm limitation during broadcast spawning appear to be 
important in determining recruitment success in benthic invertebrates (Levitan, 1995), it is 
likely that internal fertilization and brooding impart a considerable improvement in 
reproductive success.
The relationship between egg size and larval development type is of fundamental 
importance in models describing the selection of larval type in marine invertebrates 
(Vance, 1973a, b). In a variety of invertebrate taxa, larger eggs are generally associated 
with a greater degree of lecithotrophy and short development times and planktonic periods 
(Thorson, 1950). The relationship between egg size, larval growth, size at settlement and 
adult size is not consistent in the brachyuran crabs (Hines, 1986b). While larger zoeae 
hatch from larger eggs, larval growth during the zoeal stage is correlated primarily with 
the number of zoeal instars. Therefore, larvae that are large at hatching also generally 
have fewer instars and lower growth. Smaller larvae generally have more zoeal instars
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8resulting in greater growth during this stage, and the size at metamorphosis is similar to 
species with large eggs (Hines, 1986b).
Larval duration times are also similar between species with different egg sizes and 
numbers of instars. For example the Majid crab Chionoecetes opilio has two zoeal stages 
and a larval duration of approximately 50 days in the laboratory (Lovrich and Ouellet, 
1994), similar to that observed in Callinectes sapidus (Family Portunidae) which 
produces many more, smaller eggs and seven zoeal instars (Sulkin, 1975). This pattern 
suggests that fundamentally different processes are selecting for the number and size of 
eggs produced, the larval duration, and larval growth in the decapod crustaceans.
Crustacean larvae are also unique relative to other invertebrate taxa in that larvae 
are capable of strong vertical swimming and thus are able to actively regulate the scale of 
horizontal advection within tidal regimes (Hines, 1986b; Day and McEdward, 1984). The 
typical invertebrate larvae is a weak swimmer and is dependent entirely upon passive 
processes to determine the scale of both spread and dispersal in oceanic systems 
(Scheltema, 1986). In open ocean systems, diffusion, wind driven advection, and 
prevailing currents determine the dispersal range of planktotrophic larvae (Eckman, 1996). 
In nearshore shallow seas where tidal influences are important, vertical migration cycles at 
frequencies that are multiples of the tidal frequency result in net horizontal advection 
associated with vertical gradients in tidal stream velocity (Hill, 1991).
In estuarine systems the prevailing residual current structure interacts with larval 
behavior to strongly influence the scale and direction of dispersal. In partially to well- 
mixed estuaries, the vertical turbulent exchange of salt and momentum between freshwater 
input at the head of the estuary and marine water coming in at the mouth results in vertical
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
9shear in the residual current structure. The net direction of residual (non-tidal) motion at 
the surface is downstream and the net residual motion near the bottom is upstream. In 
weakly swimming invertebrate larvae, early stages typically maintain position near the 
surface either through active swimming or due to positive buoyancy, resulting in net 
downstream transport. Later stage larvae tend to be negatively buoyant and sink, 
promoting upstream transport and return to settlement habitats near adult populations 
(Day and McEdward, 1984; Young, 1995).
In contrast, crustacean zoeae are generally strong swimmers and are capable of 
overcoming weak vertical velocities on short time scales (Hines, 1986b; Young, 1995). 
Crustacean zoeae appear to take an active role in determining the scale of dispersal in both 
estuarine (e.g., Cronin and Forward, 1986; Epifanio et a/., 1988; Quieroga et al., 1997) 
and near shore coastal ocean systems (Zeng and Naylor, 1996; Rothlisberg et al., 1983). 
Behavioral adaptations such as tidally timed vertical migrations allow larvae to use tidal 
currents which are orders of magnitude higher than mean residual flows to promote rapid 
export, retention, or re-invasion of estuarine systems (Quieroga et al., 1997). As a result, 
the relationship between larval duration and the scale of dispersal in brachyuran crabs is 
not as simple as that in other marine invertebrates. Dispersal is more typically a byproduct 
of extended larval duration in weakly swimming taxa. Whereas in the brachyuran crabs, 
the extent of dispersal is likely determined by active behavioral processes rather than 
passive diffusion (Hines, 1986b; Cronin and Forward, 1986).
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Theoretical Framework o f the Present Study
Within estuaries, the brachyuran crabs exhibit a broad diversity of adult habitats 
and reproductive strategies (Hines, 1986b). The most notable distinction is the gradient 
between species whose larvae are strongly retained within the estuary throughout 
development and those that export larvae to the continental shelf and re-invade the estuary 
in the post-larval stage. The degree of retention ranges from active maintenance near 
adult spawning sites in tidal creeks (e.g., Rhithropanopeus harrissi; Cronin and Forward, 
1986), to sub-tidal species whose larvae are broadly dispersed within the lower portions of 
the estuary (e.g., Dyspanopeus sayi; Sandifer, 1972), to those which export larvae to near 
the mouths of primary estuaries (e.g., Uca spp., Epifanio et al., 1988), and finally those 
where adults migrate to the mouth of estuaries and expel larvae to the continental shelf 
(e.g., Callinectes sapidus; Olmii, 1994). Along with these differences in larval dispersal 
are differences in the susceptibility of larvae to predation by estuarine predators (Morgan, 
1989, 1990), vertical migration behaviors (Epifanio et al., 1988; Sandifer, 1972; Dittel and 
Epifanio, 1982), and susceptibility to nutritional stress (McConaugha, 1985). In this 
dissertation, I investigated the responses of larvae with different dispersal strategies to 
physical transport and nutritional stress within the estuary.
The two target species were Uca minax (Family Ocypodidae) and Dyspanopeus 
sayi (Family Panopeidae). These species were chosen because they represent a range of 
larval dispersal and development patterns. The three species of genus Uca that inhabit 
Chesapeake Bay are semi-terrestrial and occur throughout the salinity range (Williams, 
1984). Zoeal development consists of rive instars, and larvae are rapidly exported to 
estuary mouths and nearshore continental shelf after hatching (Johnson, 1982; Epifanio et
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a/., 1988). The larvae are characterized by short dorsal and rostral spines, making them 
more susceptible to predation than zoeae of other species (Morgan, 1990). For this 
reason, larvae are typically hatched in shallow habitats near the time of nocturnal, ebbing, 
spring tides to promote rapid export to the continental shelf (Morgan and Christy, 1995). 
The dispersal of Uca larvae to the continental shelf is thought to be an adaptive strategy to 
avoid high predator densities within the estuary (Morgan, 1989, 1990).
In contrast, Dyspanopeus sayi larvae are retained within the lower portions of 
estuaries throughout larval development (Sandifer, 1972; Johnson, 1982). These larvae 
have very long dorsal and rostral spines that provide protection from predation by larval 
fish (Morgan, 1989, 1990). As a result, the constraints placed upon D. sayi larvae by 
predation are weaker and do not promote export from the estuary.
The two species selected for the current study reflect the range of dispersal 
patterns and morphologies observed in brachyuran crabs in estuarine systems. The large 
scale gradient in predation pressure between the tidal creeks and the continental shelf is 
presumed to be the primary selective factor influencing larval dispersal and development 
strategies. This study examined the influence of physical transport and nutritional stress as 
other factors that influence recruitment success and reproductive strategies employed by 
estuarine crabs.
In the first chapter, I compared the vertical migration behaviors of first stage zoeae 
in the planktonic habitat While general patterns of larval horizontal and vertical 
distribution have been examined, detailed studies that sample on tidal time scales are 
relatively rare (e.g., Epifanio etaL, 1988; Quieroga et al., 1997). These types of studies 
are necessary for the assessment of dispersal potential of different species and the
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mechanism by which larvae regulate the rate and scale of advection. In addition, vertical 
migration behaviors are responses potentially associated with both large scale horizontal 
gradients in predation pressure and smaller scale processes such as predator vertical 
distribution within the estuary. This study evaluated the importance of advection in 
selecting for vertical migration behaviors among families with different dispersal patterns 
and morphologies.
In chapter two, I investigated the role of vertical migration behaviors in 
determining the scale and rate of dispersal using a three-dimensional hydrodynamic model 
that incorporated larval behaviors observed in the field study. This study examined the 
importance of larval behaviors in determining dispersal potential as compared to passive 
mechanisms that do not involve active tidally timed vertical migrations, hi addition, this 
study addressed the role of ephemeral physical features in determining the distribution 
patterns of larvae within the estuary.
In chapter three, I examined the biochemical mechanisms underlying differences in 
resistance to nutritional stress in two species with different development strategies. 
Nutritional stress is potentially an important determinant of survival in crab zoeae. 
Brachyuran crabs primarily employ planktotrophic larvae that hatch with relatively little 
maternally supplied energy. Larvae are highly dependent upon the accumulation of energy 
reserves and essential molecules from dietary sources to complete development (Anger 
and Dawirs, 1981). Species that are exported from the estuary are generally more 
resistant to starvation than those that are retained. This is likely associated with 
differences in food availability between the two habitats (McConaugha, 1985). The
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biochemical responses of larvae to nutritional stress reflect adaptive mechanisms 
developed in response to selective pressures in the larval habitat
Finally, chapter four addressed the impact of nutritional stress on larval survival 
within the estuary. In particular, this study examined variability in the biochemical 
composition of larvae on small time scales associated with the tidal cycle. Short time scale 
changes in the mixing regime and concentration of larvae and their prey likely play a 
strong role in determining the duration of nutritional stress in the held. The biochemical 
composition of larvae collected from the plankton was compared to that of larvae in the 
laboratory study to determine if larvae suffer nutritional stress under natural conditions.
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ABSTRACT
Intense predation in estuarine systems selects for export of crab larvae in species 
lacking morphological or chemical anti-predator defenses. The degree of estuarine export 
or retention is determined by the interaction between vertical migration behavior and 
prevailing current structure. The objectives of this study were to characterize the vertical 
migration behavior of crab zoeae, compare these between families with different transport 
strategies, and evaluate the implications of specific behaviors for larval transport.
I collected zoeae from three families of crabs (Ocypodidae (Uca spp.), 
Pinnotheridae, and Panopeidae) in the lower York River every three hours for 24 hours on 
four dates. Samples were collected from three depths: surface (0.5 m below the surface), 
mid-depth (1/2 total water column height), and bottom (0.5 m above the bottom). I 
examined the effects of tidal and light stage on larval abundance and vertical distribution 
using analysis of variance and logistic regression.
Ocypodid larvae, which are exported, had tidally timed vertical migration with 
larvae near the surface during ebb tides and near the bottom during flood tides.
Pinnotherid larvae, which have a slower rate of export, had both tidally timed and light 
limited vertical migration. Larvae were near the surface during ebb tides, near the bottom 
during flood tides, and closer to the surface at night than during the day. Panopeid larvae, 
which are retained in the estuary, were lowest in the water column during early flood, 
moved closer to the surface during late flood and early ebb, and were closest to the 
surface during the late ebb. These behaviors and associated dispersal patterns are likely 
determined by the selective pressures promoting either dispersal patterns or vertical 
migration behaviors.
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In estuarine crab zoeae, there is a range of dispersal strategies from spawning and 
retention of larvae within the estuary throughout development to export of early larval 
stages to the continental shelf and re-invasion in the post-larval (i.e., megalopal) stage 
(Epifanio, 1986; Queiroga et a i, 1997). In these systems, there is a  strong environmental 
gradient from completely freshwater habitats to marine habitats over a relatively short 
spatial scale (10s to 100s of km). Associated with this gradient are strong changes in the 
density of predators (e.g., Morgan 1990), food availability (McConaugha, 1985), and 
characteristics of the physical flow regime (Boehlert and Mundy, 1988). Larval dispersal 
strategies may be selected for by these large scale gradients. (Morgan, 1990).
The swimming velocities of crab zoeae are typically orders of magnitude smaller 
than either instantaneous or residual horizontal velocities encountered in estuarine systems 
(Queiroga et aL, 1997); however, swimming and sinking rates are generally strong enough 
to overcome relatively weak vertical flows (Young, 1995; Sulkin, 1984). Larvae therefore 
regulate horizontal position through vertical migration (Cronin and Forward, 1986; Hill, 
1995). In tidally oscillating flows, there is typically a vertical gradient (i.e., shear) in 
velocity associated with bottom friction. The highest tidal stream velocities typically 
occur near the surface and decline toward the bottom with friction. Strong net dispersal 
can be accomplished by vertically migrating at exact multiples of the dominant tidal 
frequency, generally the M2 (period = 12.4 hr.) tidal constituent (Hill, 1995). Vertical 
migration may be regulated by taxis toward environmental gradients, kinesis associated 
with changes in environmental conditions, or endogenously timed activity rhythms (Sulkin,
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1984; Cronin and Forward, 1986).
Broad patterns in the horizontal distribution of crab zoeae have been extremely 
well documented (Dittel and Epifanio, 1982; Sandifer, 1972; Brookins and Epifanio, 1985; 
Epifanio, 1984). The important species occurring within estuarine systems have been 
broadly categorized either as retained or exported based upon zoeal (e.g., Dittel and 
Epifanio, 1982; Sandifer, 1972; Goy, 1976) or megalopal (Johnson, 1982) distributions.
In addition, broad patterns in the vertical migration behaviors of retained vs. exported 
species have been characterized (Brookins and Epifanio, 1985; Epifanio, 1986; Epifanio, 
1988; McConaugha, 1988). In retained larvae or re-invading post-larvae, larvae are 
generally nearest the surface during flooding tides and near the bottom during ebbing tides 
(Cronin and Forward, 1986; McConaugha, 1988), resulting in strong upstream transport. 
In exported species, larvae are thought to either maintain position near the surface 
(Epifanio, 1986) or maintain position higher in the water column during ebbing tides, 
thereby promoting strong downstream transport (Queiroga et al., 1997; Zeng and Naylor, 
1996b). These patterns of vertical migration are under behavioral control and are 
associated with endogenously timed activity rhythms (Cronin and Forward, 1982; Zeng 
and Naylor, 1996a, 1996b).
In this study, I determined the vertical migration behaviors and patterns of 
abundance of crab zoeae in the lower York River, a sub-estuary in southern Chesapeake 
Bay. The study was designed primarily to compare and contrast the vertical migration 
behaviors between taxonomic groups with broadly defined patterns of horizontal 
distribution. The role of tidally timed vertical migration in influencing dispersal and the 
processes that may favor specific behavioral patterns within species are also discussed.
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Study Site and Environmental Data
Plankton samples were collected from a fixed location at the Virginia Institute of 
Marine Science Ferry Pier in the lower York River, Chesapeake Bay (Figure 1). This 
location is characterized by a salinity range of 18 to 20 psu and temperatures from 24 to 
28 ° C during summer months. The York river is a typical coastal flood plain estuary 
characterized by a deep central channel with expansive shallow subtidal mud and sand 
flats. Water depth at the study site is approximately 2.S m at low tide with a tidal range of 
approximately 1.5 m on spring tides. The system is dominated by the M2 (period = 12.4 
hours) and S2 (period = 24 hours) tidal constituents, resulting in a semi-diurnal tidal cycle 
and a spring-neap tidal amplitude cycle with a period of 14 (Huzzey, 1986). Samples 
were collected on four dates in June and July, 1995 during spring tides associated with the 
full (13 June 95 and 12 July 95) and new (27 June 95 and 27 July 95) moons.
Target Families
At least eight species of zoeae representing three families (Ocypodidae, 
Pinnotheridae, and Panopeidae) were identified in larval samples. The Ocypodidae were 
represented by up to three species of the genus Uca which occur locally as adults but 
cannot be distinguished in the plankton: U. minax, U. pugnax, and U. pugilator (Williams, 
1984). These semi-terrestrial crabs inhabit salt marshes throughout the estuary (Williams, 
1984; Sandifer, 1972). Previously observed distributions of larvae and post-larvae 
indicate that Uca spp. zoeae are hatched in the upper portions of estuaries and are
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exported to the bay mouth and near shore continental shelf as late zoeae where they 
complete larval development (Sandifer, 1972; Goy, 1976; Johnson, 1982). These larvae 
have short rostral and dorsal spines (Figure 2) and are more susceptible to predation by 
larval fish than other zoeae (Morgan, 1986).
Three species of Pinnotheridae were included in this study. They are subtidal 
commensal crabs with adult distributions throughout Chesapeake Bay and the York River 
(Williams, 1984). All five zoeal stages are abundant near the mouth of the York River and 
in the lower portions of the bay (Sandifer, 1972; Goy, 1976), and post-larvae are present 
on the continental shelf (Johnson, 1982). Pinnotherid zoeae generally have longer dorsal, 
rostral, and lateral spines than Uca spp. (Figure 2), and some species have chemical anti­
predator defenses (Luckenbach and Orth, 1990).
The four species of Panopeidae (formerly Xanthidae; Martin and Abele, 1986) 
included in this study are subtidal mud crabs which inhabit the lower portions of estuaries 
(Williams, 1984). Larvae are abundant near the mouth of the York River and the lower 
Chesapeake Bay (Sandifer, 1972; Goy, 1976) and post-larvae occur in the lower and 
middle Chesapeake Bay (Johnson, 1982). The larval and post-larval distributions of this 
family indicate that they are retained in the estuary. Panopeid larvae are characterized by 
long dorsal and rostral spines (Figure 2) that serve as effective defenses against larval fish 
predators (Morgan, 1986).
This study focused primarily upon the behavior and abundance of the first zoeal 
instar. Samples were collected at the time of the full and new moons which correspond to 
the primary hatching period in most species (Williams, 1984). As a result, relatively few 
late stage larvae and no post-larvae were collected in the samples. Predation (Morgan,
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1986) and food availability (McConaugha, 1985) will have the greatest impact upon early 
stage larvae immediately post-hatching. Therefore, the selective pressures promoting both 
vertical migration and dispersal will be strongest during this life history stage.
All analyses in the present study compared data among these three families.
Family was selected as an appropriate taxonomic grouping due to similarities in life history 
and larval dispersal patterns. The species within each family have similar adult habitats 
(Williams, 1984). Life histories, the number of zoeal instars, and adult habitats are 
generally consistent at the family level in the brachyuran crabs (Hines, 1986). Larval 
horizontal and vertical distributions in the lower York River and Chesapeake Bay are 
similar among the species within each group (Goy, 1976; Sandifer, 1972), as are post- 
larval distributions (Johnson, 1982).
Sample Collection
Plankton samples were collected using a centrifugal water pump fitted with 
variable length intake pipes constructed from 2" diameter PVC pipe. Volume flow rates 
were determined by measuring the time to fill a known volume and ranged from 0.452 to
0.546 nP /  min. Replicate samples were taken from each o f three depths: surface (0.5 m 
below water surface), mid-depth (1/2 total water column depth), and bottom (0.5 m above 
the substrate). The absolute depth of the mid-depth sample was adjusted to reflect 
changes in water column height associated with tidal stage. Individual replicates consisted 
of 5-min. pumping periods with water volume sampled per replicate ranging from 2.26 to
2.73 m^. Three replicates per depth/time combination were taken in June samples and 
four replicates were taken during July samples (total N = 369).
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Samples were taken every three hours beginning at 0000 h EDT on each date.
This sampling frequency was chosen to allow for two sample collections during each tidal 
current stage (Period -  6 hr.; Table 1). Collection occurred during the hour starting at 
each sampling time. Replicate 5-min. samples were randomly allocated across sampling 
period, depth, location (20 1-m meter locations along the pier), and pump (three pumps).
Pump outflow was filtered through a 202 pm mesh nitex plankton net. Samples 
were fixed in 5% formalin and transferred to 70% EtOH. Sub-samples of 1/2-1/16 total 
volume were taken and all zoeae were identified to species (Sandifer, 1972).
Statistical Analyses - Larval Density
Larval density (larvae / m3) was the response variable in an analysis of variance 
model (ANOVA) (Table I) for each taxonomic group. Raw data failed to meet the 
assumptions of normality (Shapiro-Wilks, p < 0.01) and homogeneity of variance
(Bartlett’s Test, p < 0.001). All data were log-transformed On [ (zoeae / m3 ) + I ]) to 
satisfy the assumptions of the analyses (Underwood, 1981). Date was treated as a 
blocked factor in all models.
Nocturnal early flood tidal stages did not occur during the sampling period due to 
the phasing between the 12.4 h tidal cycle and the 14 h Light - 10 h Dark light cycle 
during summer months. The full three-factor model including light, tidal stage, and depth 
as crossed factors was non-orthogonal. The data were therefore analyzed in three 
separate ANOVA models for each family. The two-factor model testing the interaction 
between tidal stage and depth was analyzed separately for each light stage. Only tidal 
stages two through four were analyzed in the night model because of the missing
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nocturnal early flood stage. The three-factor model including light was analyzed for tidal 
stages two through four to assess the interaction between light, tidal stage, and depth. 
These models directly evaluated patterns of larval abundance associated with tidal and 
light stages and indirectly tested the relationship between vertical distribution and tidal and 
light cycles through two- and three-way interaction effects.
The Student-Neuman-Keuls multiple comparisons test was used to conduct 
pairwise comparisons between factor levels in interaction effects and main effects with > 2 
levels when p-values were < 0.10 (Underwood, 1981). Statistical power was calculated 
for F-ratios with 0.05 < p < 0.10 (Zar, 1984). Data from the analysis of variance are 
presented as back-transformed means and 95% confidence intervals (Sokal and Rohlf, 
1981).
Statistical Analyses - Vertical Distribution
Vertical distribution patterns were analyzed with logistic regression models. The 
logistic model is a more powerful test than ANOVA and is less sensitive to the high 
amount of variance observed in the data. The response variable was depth (Table 1). The 
polytomous model using all three depths did not meet the proportional odds assumption (p 
< 0.0001), therefore response levels were collapsed into a binomial response (Hosmer and 
Lemeshow, 1989). The model evaluated the probability of larvae being in the surface 
sample vs. the mid-depth and bottom samples. Current, period, light, and date (Table 1) 
were fitted using a step-wise function with p= 0.20 for addition and p = 0.15 for removal 
(Hosmer and Lemeshow, 1989). Model significance was assessed by the -2 log likelihood 
chi-square and model fit with the likelihood ratio goodness-of-fit test (Agresti, 1989).
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Table 1: Factors in the analysis of variance and logistic regressions. Four fixed factors 
(date, stage, light, and depth) were evaluated in an ANOVA model for their effect on 
larval density. Current, period, light, and date were explanatory variables and depth was 
collapsed into a binary response variable in the logistic regression.
Factor Number 
of Levels
Description
Date 4 The sampling day, numbered chronologically 
1-4.
Light 2 Light stage: 0 = Night, I = Day.
Current 2 Tidal current stage: 0 *  Flood, 1 = Ebb.
Period 2 Period of the tidal current stage. Samples were 
taken every three hours, resulting in two 
samples per current stage. Early = 1, Late = 2.
Stage 4 Tidal stage. Samples were collected during 
four tidal stages: Early Flood = I, Late Flood 
= 2, Early Ebb = 3, and Late Ebb = 4. This 
factor is the combination of the current and 
period effects and was used in ANOVA 
models.
Depth 3 Depth of sample: Surface = I (0.5 m below the 
surface), Mid-depth = 2 (1/2 total water 
column hieght), and Bottom = 3 (0.5 m 
above the bottom).
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Figure 1: Study Site. Plankton samples were collected from a fixed station near the 
mouth of the York River in Lower Chesapeake Bay.
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Figure 2: Typical first stage zoeae from each family group. (Sandifer, 1972)
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Species composition
Zoeae from eight species were included in the family groups used for analysis. 
Most larvae were in the first instar, and there were no apparent changes in species 
composition or age structure over time.
The Uca spp. (Family Ocypodidae) potentially include larvae from three co­
occurring species in Chesapeake Bay that are indistinguishable in the plankton (Sandifer, 
1972). Uca spp. larvae were by far the most abundant group, representing 76% of all 
zoeae (Table 2). More stage II and stage III larvae were collected in July samples. 
However, the majority of larvae were in the first instar (Table 2). Very few (< 10) larvae 
in stage IV and no stage V larvae were observed.
The Pinnotheridae were least abundant (4.8%, Table 2) and were represented by 
three species: Pinnotheres maculatus, Pinnixia chaetopterana , and Pinnixia sayana. 
Fewer than 20 larvae later than stage I were collected. P. chaetopterana dominated the 
Pinnotheridae (75.2 %).
Four species from the family Panopeidae were collected: Dyspanopeus sayi, 
Panopeus herbstii, Hexapanopeus angustifrons, and Eurypanopeus depressus. H. 
angustifrons was the most abundant Panopeid (45.1 %). 19.2% of collected larvae were 
Panopeidae (Table 2).
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Larval Density - Uca spp.
Larval density of Uca spp. differed significantly by date (Table 3A-C). Highest 
densities were associated with the July full moon (Table 3 A-C, Figure 3). There was no 
clear lunar periodicity in larval abundance (Figure 3); however, the June full moon 
occurred early in the spawning season (Williams, 1984), likely accounting for low 
densities on this date.
The tidal stage effect was significant in both two-factor models (Table 3A, 3B) and 
the three-factor model (Table 3C). In night samples (Table 3A), larval density was highest 
during early ebb (Figure 4). In day samples, significantly higher densities occurred during 
early tidal stages (early ebb and early flood, Figure 5)
The depth*stage interaction was non-significant in the model for night samples 
(Table 3A), but was nearly significant during the day (p = 0.0859). The power of the f- 
test for the depth*stage interaction during day samples was low (Power = 0.72), indicating 
that the high amount of variance in the data may have masked potential differences in 
depth distribution. During early flood, significantly higher densities occurred near the 
bottom. Higher densities also occurred in the surface during the early ebb tide (Figure 5). 
Larvae were more evenly distributed and had lower densities during late tidal stages (late 
ebb and late flood).
Larval Density - Pinnotheridae
In Pinnotheridae, there was a significant effect of date on larval density in the night 
(Table 4A) and overall models (Table 4C), but not in day model (Table 4B). Highest 
larval densities occurred during the June new moon and the July full moon at night (Figure
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6). Larval densities were generally lower during day samples; however, there was no 
significant light effect (Table 4C).
The depth*stage interaction was significant in both the day and night models 
(Tables 4A, 4B). In the overall model, there was a highly significant three-way interaction 
between light, stage, and depth (p = 0.0028, Table 4C). Depth distribution of Pinnotherid 
larvae was affected by both light and tidal stage. At night, there were significantly more 
larvae in the mid-depth and bottom samples during late flood (Figure 7A). Larvae were 
evenly distributed during early ebb and there was a non-significant trend of a greater 
number of larvae near the surface during late ebb (Figure 7A). During the day, larval 
densities were highest near the bottom during flood tide and had the highest abundances in 
mid-depths during early ebb (Figure 7B). The lowest larval densities occurred during 
daytime late ebb stages (Figure 7B). The overall trend indicated an ebb-phased upward 
migration combined with nocturnal vertical migration behavior.
Larval Density - Panopeidae
There was a significant effect of date in the night and overall models (Table 5 A, 
5C), but not in the day model (Table 5B). The mean larval density was highest during 
night samples on the June full moon (Figure 8). There was no effect of light on larval 
density (Table 5C).
The depth*stage interaction was significant in night samples (p = 0.0496, Table 
5A), but not in day samples (Table 5B). This effect was marginally non-significant (p = 
0.0846) in the overall model with low power (Power = 0.62). In night samples during late 
ebb, larval density was significantly higher near the surface. Larval density was higher
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near the bottom during late flood tides (Figure 9).
Larval density was significantly higher during the late flood and early ebb tidal 
stages in day samples (Figure 10, Table 5B).
Vertical Distribution
In Uca spp., the vertical distribution of larvae was correlated solely with tidal 
current stage. The logistic model including current stage and replicate was highly 
significant (Table 6) and provided an improved fit over the mutual independence model 
(Likelihood Ratio Chi-square = 9.82, df = 5, p =0.0804). Replicate was included in the 
model to increase degrees of freedom and avoid saturation. Tidal current stage was a 
significant predictor of the proportion of larvae in the surface sample (Table 6). The odds 
ratio value indicates that larvae were nearly twice as likely to be in the surface during ebb 
tides than flood tides (Figure 11, Table 6).
In Pinnotheridae, a logistic model including date, current, and light best predicted 
the vertical distribution of zoeae. The overall model was highly significant and explained a 
significant amount of the Table 7). Date was a significant factor and had a negative 
parameter value. The probability of larvae being in the surface sample declined over time 
through the four sampling dates (Table 7, Figure 12A-D). Tidal current stage was a 
highly significant predictor of vertical position. Larvae were nearly 4 times more likely to 
be in the surface on ebb than flood tides (Table 7). Light was also significant with a 
negative parameter value. Larvae were less likely to be in the surface during the day and 
nearly twice as likely to be near the surface at night (Table 7). The logistic regression 
models show similar results to the three way interaction effect in the analysis of variance.
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Pinnotherid behaviors are associated with both current and light cycles.
In Panopeid zoeae, vertical distribution was correlated with tidal current stage and 
the period in the current stage. The logistic model including current and period was highly 
significant and fit the data extremely well (Table 8). Both factors were positively 
correlated with vertical position. Larvae were highest in the water column during ebb 
tides, and during the later periods of the tidal stage. During early flood following low tide, 
larvae were near the bottom. During both late flood and early ebb (high tide), more larvae 
were near the surface. Larvae were highest in the water column during late ebb just prior 
to low tide (Figure 13). Larvae rose in the water column during the period between 
successive low tides, then rapidly migrated downward between late ebb and early flood 
(Figure 13).
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Table 2: Species Composition. Eight species of zoeae were collected representing three 
families: Ocypodidae (Uca spp.), Pinnotheridae, and Panopeidae. Uca spp. Likely 
consisted of three species of genus Uca that are indistinguishable in the plankton 
(Sandifer, 1972). Total N = 4987 zoeae.
Family Species Larval Instar % Family % Total
Ocypodidae Uca spp. I 70.3 53.4
Uca spp. II 28.4 21.6
Uca spp. > n 1.3 1.0
TOTAL 76.0
Pinnotheridae Pinnixia sayana i 9.9 0.5
Pinnixia chaetopterana i 75.2 3.6
Pinnotheres maculatus i 14.9 0.7
TOTAL 4.8
Panopeidae Dyspanopeussayi i 7.8 1.5
Panopeus herbstii i 38.8 7.4
Hexapanopeus angustifrons i 45.1 8.7
Eurypanopeus depressus i 8.3 1.6
TOTAL 19.2
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Table 3 A-C: Analysis of variance for Uca spp. Statistical power was calculated for
factors with 0.05 < p < 0.15 (Zar, 1984).
A. Two factor model for night samples
Factor df SS MS F P
Date (D) 3 5.6293 1.8764 24.10 0.0001
Depth(Z) 2 0.0342 0.0171 0.22 0.8031
Stage (S) 2 0.6328 0.3164 4.07 0.0193
Z xS 4 0.1027 0.0257 0.33 0.8576
Error 138 10.740 0.0778
B. Two factor model for day samples
Factor df SS MS F P Power
Date (D) 3 7.3754 2.4585 27.26 0.0001
Depth (Z) 2 0.2612 0.1306 1.45 0.2376
Stage (S) 3 0.8044 0.2681 2.97 0.0330
ZxS 6 1.0187 0.1698 1.88 0.0859 0.72
Error 185 16.684 0.0902
C. Three factor model for tidal stages 2-4
Factor df SS MS F P Power
Date (D) 3 11.593 3.8645 47.59 0.0001
Light (L) I 0.2524 0.2524 3.11 0.0791 0.35
Depth (Z) 2 0.1207 0.0603 0.74 0.4767
Stage (S) 2 1.3899 0.6949 8.56 0.0003
Z xL 2 0.0369 0.0184 0.23 0.7968
ZxS 4 0.1879 0.0469 0.58 0.6784
LxS 2 0.1274 0.0637 0.78 0.4575
Z xS xL 4 0.0922 0.0231 0.28 0.8882
Error 250 20.301 0.0812
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Table 4 A-C: Analysis of variance for Pinnotheridae. Statistical power was calculated for
factors with 0.05 < p < 0.15 (Zar, 1984).
A. Two factor model for night samples
Factor df SS MS F P
Date (D) 3 1.4483 0.4828 5.04 0.0024
Depth (Z) 2 0.0281 0.0140 0.15 0.8639
Stage (S) 2 0.2133 0.1066 1.11 0.3317
Z x S 4 1.0533 0.2633 2.75 0.0308
Error 138 13.231 0.0959
B. Two factor model for day samples
Factor df SS MS F P
Date (D) 3 0.0879 0.2931 0.51 0.6772
Depth (Z) 2 0.4035 0.2017 3.50 0.0323
Stage (S) 3 2.8171 0.9390 16.28 0.0001
Z x S 6 1.1129 0.1854 3.22 0.0050
Error 185 10.671 0.0577
C. Three factor model for tidal stages 2-4
Factor df SS MS F P Power
Date (D) 3 1.1706 0.3902 4.99 0.0022
Light (L) i 0.1448 0.1448 1.85 0.1750
Depth (Z) 2 0.1751 0.0876 1.12 0.3283
Stage (S) 2 1.5066 0.7533 9.63 0.0001
Z xL 2 0.1189 0.0595 0.76 0.4688
Z xS 4 0.7213 0.1803 2.30 0.0590 0.70
LxS 2 1.7829 0.8915 11.3 0.0001
Z x L x S 4 1.3005 0.3251 4.15 0.0028
Error 250 19.564 0.0782
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Table 5 A-C: Analysis of variance for Panopeidae. Statistical power was calculated for
factors with 0.05 <p <0.15 (Zar, 1984).
A. Two factor model for night samples
Factor df SS MS F P
Date (D) 3 3.1029 1.0343 11.19 0.0001
Depth (Z) 2 0.0857 0.0428 0.46 0.6301
Stage (S) 2 0.2178 0.1089 1.18 0.3109
Z x S 4 0.9034 0.2258 2.44 0.0496
Error 138 12.757 0.0924
B. Two factor model for night samples
Factor df SS MS F P
Date (D) 3 0.3735 0.1245 1.33 0.2672
Depth (Z) 2 0.2144 0.1072 1.14 0.3214
Stage (S) 3 1.3927 0.4642 4.94 0.0025
Z x S 6 0.3061 0.0510 0.54 0.7747
Error 185 17.369 0.0938
C. Three factor model for tidal stages 2-4
Factor df SS MS F P Power
Date (D) 3 1.1864 0.3955 3.91 0.0094
Light (L) 1 0.0395 0.0395 0.39 0.5326
Depth (Z) 2 0.0543 0.0271 0.27 0.7649
Stage (S) 2 0.8798 0.4399 4.35 0.0139
Z xL 2 0.1133 0.0566 0.56 0.5720
Z xS 4 0.8393 0.2098 2.08 0.0846 0.62
L xS 2 0.4654 0.2327 2.30 0.1022 0.45
Z x L x S 4 0.2564 0.0641 0.63 0.6388
Error 250 25.277 0.101
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Table 6: Logistic regression of depth distribution in Uca spp. The overall model was 
significant (Chi-Square = 18.704, df = 1, p= 0.0001). A non-significant goodness-of-fit 
test (p = 0.0804) indicated that the model adequately fit the data (Agresti, 1989).
Replicate was included in the model to avoid saturation. Current stage was the only 
significant factor and date, light, and period were non-significant.
Effect df Parameter
Estimate
Standard
Error
Chi-Square P Odds
Ratio
Intercept 1 -0.7878 0.2093 14.17 0.0002
Current 1 0.6838 0.1594 18.41 0.0000 1.981
Replicate 1 -0.0408 0.0714 0.33 0.5675
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Table 7: Logistic regression of depth distribution in Pinnotheridae. The overall model 
was significant (Chi-Square = 42.173, df = 3, p= 0.0001). A non-significant goodness-of- 
fit test (p = 0.0891) indicated that the model adequately fit the data (Agresti, 1989). Date, 
current, and light were significant explanatory variables.
Effect df Parameter
Estimate
Standard
Error
Chi-Square P Odds
Ratio
Intercept I -0.7976 0.4263 3.50 0.0613
Date 1 -0.2917 0.1245 5.49 0.0191 0.747
Current 1 1.3682 0.3034 20.33 0.0000 3.928
Light I -0.5757 0.2417 5.67 0.0172 0.562
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Table 8: Logistic regression of depth distribution in Panopeid. The overall model was 
significant (Chi-Square = 19.943, df = 2, p= 0.0001). A non-significant goodness-of-fit 
test (p = 0.7431) indicated that the model adequately fit the data (Agresti, 1989). Current 
stage and period in the tidal stage were significant explanatory variables.
Effect df Parameter
Estimate
Standard
Error
Chi-Square P Odds
Ratio
Intercept 1 -2.0775 0.3605 33.21 0.0000
Current 1 0.6248 0.1959 10.17 0.0014 1.868
Period 1 0.7590 0.1949 15.16 0.0001 2.136
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Figure 3: Back-transformed mean density of Uca spp. by date. Bars with different 
letters differ significantly (Student-Neuman-Kuels multiple comparisons test). Open 
circles = full moon, closed circles = new moon. Error bars are back-transformed 95 % 
confidence intervals.
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Figure 4: Back-transformed mean density of Uca spp. in night samples by tidal 
stage. Bars with different letters differ significantly (Student-Neuman-Kuels multiple 
comparisons test). Error bars represent back-transformed 95 % confidence intervals.
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Figure 5: Density of Uca spp. by depth and tidal stage in day samples. Bar width 
represents back-transformed mean larval density for each depth. Bars with different letters 
are significantly different (Student-Neuman-Keuls multiple comparisons test).
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Figure 6: Back-transformed mean density of Pinnotheridae by date. Bars with 
different letters differ significantly (Student-Neuman-Kuels multiple comparisons test). 
Open circles = full moon, closed circles = new moon. Error bars are back-transformed 95 
% confidence intervals.
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Figure 7 A-B: Density of Pinnotherld larvae by depth and tidal stage. Bar width 
represents back-transformed mean larval density for each depth. Bars with different letters 
are significantly different (Student-Neuman-Keuls Multiple Comparisons Test).
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Figure 8: Back-transformed mean density of Panopeidae by date and light stage.
Bars with different letters differ significantly. Open circles = full moon, closed circles = 
new moon. Error bars represent back-transformed 95% confidence intervals.
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Figure 9: Density of Panopeid larvae by depth and tidal stage in night samples. Bar
width represents back-transformed mean larval density for each depth. Bars with different 
letters differ significantly (Student-Neuman-Keuls Multiple Comparisons Test).
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Figure 10: Back-transformed mean density of Panopeid larvae by tidal stage in day 
samples. Bars with different letters are significantly different. Error bars represent back- 
transformed 95% confidence intervals.
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Figure 11: Logistic regression model for Uca spp. Error bars represent standard error 
of observed value.
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Figure 12 A-D: Logistic regression model for Pinnotheridae. Error bars represent 
standard error of observed value.
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Figure 13: Logistic regression model for Panopeidae. Error bars represent standard 
error of observed value.
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DISCUSSION
Uca spp.
The logistic regression results indicate that, of the three families in this study, Uca 
spp. showed the strongest association between vertical position and the tidal current stage. 
Previous studies of the distribution of the post-larvae of Uca spp. indicate that they are 
exported to the nearshore continental shelf and the mouths of estuaries from hatching 
habitats within tidal creeks or marshes (Johnson, 1982; Lambert and Epifanio, 1982; 
Brookins and Epifanio, 1985; Sandifer, 1972). In a tidal inlet in Delaware Bay, the 
abundance of Uca spp. larvae was consistently higher during ebbing tides, indicating an 
upstream source and estuarine export (Brookins and Epifanio, 1985). Density was also 
significantly higher during ebbing tides in the present study, also suggesting an upstream 
source and net downstream transport. There is previous evidence of a tidal vertical 
migration behavior in Uca spp. with larvae highest in the water column during nocturnal 
ebbing tides (Brookins and Epifanio, 1985; DeCoursey, 1976). The behavior of Uca spp. 
in this study was similar to that observed in Carcinus maenus, which is also strongly 
exported from estuarine systems (Queiroga et al., 1997). Vertical migration patterns that 
are coupled to the tidal cycle are most likely associated primarily with horizontal tidal 
stream transport (Hill, 1995). Thus, there is broad support for the argument that tidally 
timed behaviors in Uca spp. and other exported species are primarily mechanisms 
promoting dispersal from estuaries.
In sharp contrast to the results in this study, Uca spp. zoeae near the mouth of 
Delaware Bay had a flood-phased tidal behavior (Epifanio et al., 1988). The different 
behaviors may be a function of different habitats and larval ages. In Epifanio et al. (1988),
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larvae were collected in the bay mouth and the coastal ocean while the present study was 
conducted along the larval migration to the continental shelf. Larvae in this study were 
also likely collected within days after hatching during Spring tides (Morgan and Christy, 
1995) while those in Epifanio et al. (1988) were collected in later stages. These data 
indicate a behavioral shift along the estuarine gradient. In the upper portions of the 
estuary, the observed behavior promotes larval export. Once the continental shelf is 
reached, larval behavior may shift to promote retention near the mouth of the bay 
(Epifanio et al., 1988), which would facilitate re-invasion in the post-larval stage. 
Behavioral shifts in response to habitat cues occur in other crustaceans. In Callinectes 
sapidus, the rate of post-larval development and behaviors change along the estuarine 
gradient (Metcalf and Lipcius, 1992; Lipcius et al., 1990) and in response to chemical 
signals from estuarine plants (Forward et a l, 1996). Post-larvae of the banana prawn, 
Paneus merguiensis, had tidally timed vertical migration in estuaries and light limited 
behaviors on the continental shelf (Heron et al., 1994).
Pinnotheridae
In the Pinnotheridae, larval behaviors were timed to both light and tidal current 
cycles. The ebb phased behavior likely promotes net downstream transport, since larvae 
were generally nearer the surface during ebbing tides, resulting in the greatest transport 
during these periods. However, the addition of the diel phase of migration likely reduces 
net transport. During summer months, the day period lasts between 3-4 hours longer than 
the nocturnal period in the Chesapeake Bay region. As a result of the phasing between 
this cycle and the 12.4 hour tidal cycle, the degree of transport associated with the light
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behavior should oscillate over the spring-neap cycle (Hill, 1995). This behavior likely 
results in reduced transport relative to the purely ebb phased vertical migration behavior of 
Uca spp.
This vertical migration pattern and the resulting dispersal is consistent with the 
horizontal distribution of pinnotherid species from previous studies. While the post-larvae 
of Pinnixia spp. were abundant on the continental shelf (Johnson, 1982), later zoeal stages 
occurred within the estuary and York River while only early stages of Uca spp. were 
observed (Sandifer, 1972). While Pinnixia spp. were more abundant during ebbing tides 
in a tidal inlet, the signal was weaker than that observed for Uca spp., and they were 
occasionally equally abundant between flood and ebb tides (Brookins and Epifanio, 1985). 
The vertical migration behavior observed in the present study was consistent with an 
overall pattern of slow export from the estuary in pinnotherid larvae.
Panopeidae
The vertical migration of panopeid larvae is also timed to the tidal cycle, though 
the timing of the migration is less clearly associated with the direction of current flow as in 
Uca spp. Based upon the simple model of highest tidal velocities near the surface during 
both tidal current stages, the observed behavior should result in downstream transport. 
However, the overall rate of dispersal should be reduced compared to Uca spp. since 
larvae were near mid-depth during early ebbs and likely experience upstream transport 
during late floods.
Post-larvae of the species in the present study are rarely found on the continental 
shelf (Johnson, 1982) and all larval stages occur in the lower portions of the York River
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and southern Chesapeake Bay (Sandifer, 1972). The abundance of Hexapanopeus 
angustifrons was highest during high tides, indicating no strong trend of net transport 
(Brookins and Epifanio, 1985). Larval abundance of panopeid zoeae was also associated 
with tide height in the present study. Larval density was highest during the late flood and 
early ebb tidal currents associated with high tides. These patterns suggest reduced 
transport and retention within the estuary.
The vertical migration behaviors of the panopeid species in the present study 
contrast with those observed in other retained species. In the panopeid species 
Rhithropanopeus harrisii, larvae were strongly retained in tidal creeks (Sandifer, 1972), 
and vertical migration was related to tide cycles. Larvae were near the surface during 
flood tides and near the bottom during ebb tides (Cronin and Forward, 1982), resulting in 
reduced transport (Cronin and Forward, 1986). The different vertical migration behavior 
in the present study likely reflects differences in adult and larval habitats. R. harrisii 
larvae experience extremely limited dispersal and remain close to adult habitats in tidal 
creeks in the upper portion of the estuary (Cronin and Forward, 1982; Sandifer, 1972). In 
contrast, the adults of the species in the present study have much broader distributions in 
the lower portions of the estuary ranging from the mouth of the tributaries to the bay 
mouth (Williams, 1984). The more generally available habitat of the species in the present 
study may allow greater dispersal during the larval phase within the estuary.
Adaptation and Constraint in Larval Dispersal
Vertical migration behaviors and the resulting dispersal patterns observed 
in planktonic larvae are likely adaptive strategies to ensure recruitment success in the face
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of selective pressures within the larval habitat The three families observed in this study 
represent a range of morphological and behavioral characteristics. The ocypodid (Uca 
spp.) larvae are characterized by reduced morphological protection from predators 
(Morgan, 1990) and strong patterns of hatching synchrony with nocturnal, ebbing, spring 
tides (Morgan and Chrsity, 1995). It appears that these species are strongly constrained 
by selective factors to adopt strategies that ensure rapid dispersal from hatching habitats 
and transport out of the estuary to the continental shelf (Morgan, 1990; Morgan and 
Christy, 1995). The vertical migration behaviors observed in the present study are most 
strongly associated with the tidal current stage and are those most likely to maintain 
consistent directed transport (Hill, 1995).
The pinnotherid species are less constrained by transport considerations and had 
behaviors that reduce the overall rate of transport. Diel vertical migration behaviors are 
typically seen as strategies to reduce predation rates by avoiding visual predators near the 
surface where feeding efficiency is greatest (Forward, 1987; Bollens and Frost, 1989). 
However, the light limited behavior also reduces the rate of downstream transport of 
larvae, increasing exposure of larvae to higher predator densities (Morgan, 1990). The 
pinnotherid species in this study are better protected from predators than the Uca spp. 
larvae, and some pinnotherids that lack spines altogether have strong chemical anti­
predator defenses (Luckenbach and Orth, 1990). Predation may not place as strong a 
constraint on the behavior of these larvae. It appears that some factor besides the benefits 
associated with dispersal is selecting for the vertical migration behavior and therefore the 
dispersal patterns of pinnotherid larvae.
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The panopeid species in this study exhibited tidally timed behaviors that promote 
dispersal within the estuary. The species in this study are intermediate species between 
those that are strongly retained within the upper portions of sub-estuaries (e.g., 
Rhithropanopeus harrissi) and those that are exported to the continental shelf. Instead, 
the adults and larvae of these species are distributed throughout the lower portions of both 
rivers and the primary estuary in sub-tidal habitats. In addition, these larvae are 
characterized by strong anti-predator defenses (Morgan, 1989,1990). It appears that the 
panopeids in this study are not strongly constrained to maintain position either near 
hatching habitats, or to promote rapid export downstream. Panopeid species also do not 
show as strong a lunar periodicity in hatching frequency as the more vulnerable Uca spp. 
(Morgan and Christy, 1995). It is therefore likely that larval dispersal and vertical 
migration behaviors are less constrained by selective pressures in the estuary.
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ABSTRACT
The dispersal of planktonic larvae has strong implications for the population and 
evolutionary ecology of estuarine crabs. The primary goals of this study were to examine 
the influence of larval vertical migration behaviors on transport and dispersal and to 
evaluate the physical mechanisms driving larval distribution in estuarine systems.
The impact of larval vertical migration behaviors on larval distribution and 
transport were examined using a three-dimensional hydrodynamic model of the York 
River, a tributary in lower Chesapeake Bay. Larval vertical migration behaviors observed 
in field studies were incorporated into particle transport equations. The distribution of 
passive floating and sinking particles were compared to that of particles with three 
behaviors: ebb-phased upward swimming, flood-phased upward swimming, and ebb- 
phased swimming with light limitation.
Larval vertical migration behaviors were important in coupling larval transport to 
rapid tidal flows rather than slow residual flows. Transport of particles with passive 
behaviors was more dependent upon residual flows, but these behaviors resulted in large 
scale dispersal patterns similar to those in vertically migrating larvae. However, tidal 
vertical migrations promoted greater dispersal from shallow hatching habitats where 
residual flows are weak due to frictional effects and low freshwater inflow. Light limited 
upward migration also resulted in reduced tidal stream transport.
Tidal shear fronts resulted in the concentration of larvae over shoal areas. These 
convergence zones potentially have a strong influence on the strength of biotic interactions 
in the larval habitat. Ephemeral fronts are a consistent feature of estuarine systems and 
likely have a strong impact on recruitment success in benthic marine invertebrates.
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The scale and extent of horizontal dispersal in planktotrophic larvae are important 
to the population and evolutionary ecology of benthic marine invertebrates (Strathman, 
1986; Eckman, 1996; Palmer and Strathman, 1981). Understanding the physical and 
behavioral processes that drive recruitment variability is an essential part of understanding 
the ecology of adult populations (Eckman, 1996).
The larvae of decapod crustaceans are relatively strong swimmers and are able to 
overcome weak vertical flows in planktonic habitats (Young, 1995; Sulkin, 1984).
Vertical distribution interacts with the velocity structure of the water column to determine 
the scale of larval dispersal (Hill, 1991, 1995). Tidal stream velocity is typically reduced 
near the bottom due to friction. Larvae that are distributed near the surface during a 
particular tidal current stage experience greater transport than either those near the bottom 
or particles evenly distributed throughout the water column (Queiroga et al., 1997; Hill 
1995).
Tidally and light driven larval vertical distribution patterns occur in a number of 
families of brachyuran crabs (Garrison, Chapter 1). Larval concentrations are typically 
higher near the surface either during flooding (e.g., Rhithropanopeus harrisii; Cronin and 
Forward, 1986) or ebbing tides (e.g., Uca spp.', Garrison, Chapter 1, Carcinus maenas; 
Queiroga et al., 1997). These distribution patterns promote either strong retention in or 
export from hatching habitats and estuarine systems (Hill, 1995; Cronin and Forward,
1986; Queiroga et al., 1997). In addition, larval behaviors may promote entrainment
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within either tidal or wind driven convergence zones and thereby strongly influence 
horizontal distribution and transport (Epifanio, 1987; Clancy and Epifanio, 1988).
Vertical distribution patterns may be driven either by larval behavior or passive 
physical mechanisms. The zoeae of brachyuran crabs have behavioral responses to 
physical cues that promote either depth maintenance or active upward migration in the 
laboratory(reviewed in Sulkin, 1984). In addition, larvae hatched from ovigerous females 
in the laboratory had endogenous circatidal swimming rhythms similar to tidally timed 
vertical distribution patterns observed in field studies (Cronin and Forward, 1986; Zeng 
and Naylor, 1996).
Passive physical processes may also result in tidal vertical distribution patterns. 
Differences in tidal stream velocity between the two tidal current phases could result in 
greater resuspension of larvae during one current stage associated with stronger vertical 
turbulent mixing (de Wolf, 1981; Boicourt, 1982). The majority of data indicate that 
larval distribution patterns are a behaviorally driven process (e.g., Queiroga e ta l., 1997; 
Garrison, Chapter I). However, there are few detailed physical studies that examine the 
importance of active behaviors on larval transport and distribution.
The strong swimming capabilities of crustacean zoeae allow them to both actively 
regulate depth and traverse the water column within short periods of time (Young, 1995; 
Sulkin, 1984). In contrast, the majority of invertebrate larvae are small, weak swimmers 
and are incapable of vertical migration on tidal scales (Young, 1995). The general vertical 
distribution pattern in these taxa is one of ontogenic vertical migration where young larvae 
maintain position near the surface while later stages sink downward and are transported by 
bottom currents (e.g. Owenia fusiformis (AnneldarPolychaeta); Thiebaut et al., 1992;
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bivalve larvae; Jacobsen etal., 1990). In estuarine systems, vertical structure in residual 
(sub-tidal) flows will result in net downstream transport near the surface and upstream 
transport near the bottom (Pritchard, 1952). Therefore, simple behaviors may result in 
similar dispersal patterns to those resulting from complex tidally timed behaviors. The 
advantage of tidally timed vertical migration relative to simple non-migrating behaviors 
has not been examined in detail.
The approach in this study was to examine the impact of vertical migration 
behaviors observed in field studies on the horizontal transport and distribution of crab 
zoeae within an estuarine system. I utilized a three-dimensional hydrodynamic model to 
compare the distribution and advection of vertically migrating larvae to those of passive 
particles. In addition, I examined the physical processes that drive the transport and 
distribution of vertically migrating larvae in an estuarine system.
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MATERIALS AND METHODS
Study Area
This study modeled larval transport in the York River, a partially to well-mixed 
sub-estuary with coastal flood plain bathymetry in southern Chesapeake Bay (Figure 1). 
The York River is characterized by a central channel ranging from 5-20 m in depth, and 
expansive shallow sand and mud flats with average depths of 2-4 m. The basin is 
approximately 52 km long and varies from 2-4 km in width (Huzzey, 1986). The tidal 
cycle is semi-diurnal, and tidal range varies with bottom topography but is generally 
between 1-1.5 m. During summer months, temperature ranges from 27-29 °C and salinity 
ranges from 17-21 p.s.u near the mouth to 2-4 p.s.u near West Point. Freshwater input 
varies widely and is primarily discharged from the Mattaponi and Pamunkey rivers (Figure 
1; Huzzey, 1986).
Hydrodynamic model
The distribution and dispersal of vertically migrating larvae were modeled using 
the Three-Dimensional Hydrodynamic Eutrophication Model (HEM3d) developed by the 
Department of Physical Sciences at the Virginia Institute of Marine Science. The physics 
and computational scheme are similar to the Blumberg-Mellor model (Blumberg and 
Mellor, 1987) and the U.S. Army Corps of Engineers Chesapeake Bay model (Johnson et 
al., 1993). The HEM3d model solves the three-dimensional, vertically hydrostatic, ffee- 
surface, turbulent averaged equations of motion for a variable density fluid (Hamrick, 
1996; Hamrick, 1992). The numerical scheme for the solution of equations of state
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employs an internal-external mode splitting procedure to separate the internal baroclinic 
mode from the external barotropic mode. Dynamically coupled transport equations are 
solved for turbulent kinetic energy, turbulent length scale, salinity and temperature. 
Vertical turbulent energy is calculated utilizing the Mellor-Yamada level 2.5 turbulent 
moment closure scheme (Mellor and Yamada, 1982) as modified by Galperin et al.
(1988).
The transport of suspended and dissolved constituents is implemented with a 
second order accurate mass conservation fractional step solution for the Eulerian transport 
equations (Smolarkiwicz and Margolin, 1993). The Lagrangian particle transport 
calculation uses an implicit tri-linear interpolation scheme (Bennet and Clites, 1987). A 
complete description of the theoretical and computational characteristics of the model is 
available in: Hamrick (1992) and Hamrick (1996).
The model uses a curvilinear, orthogonal horizontal grid with a sigma (stretched) 
vertical grid (Hamrick, 1996). In the York River application, the vertical coordinate is 
divided into eight sigma layers. The horizontal computational grid incorporates 3245 
water cells corresponding to a physical resolution of 250 x 250 m in the mainstem of the 
river, with slightly larger cells in the tributaries. The eastern boundary is approximately 3 
km east of Tue Marsh Light at the mouth and the western boundary extends to the tidal 
portions of the Mattaponi and Pamunkey rivers. Tidal forcing is applied equally across 
sixteen cells at the river mouth with seven primary tidal constituents in appropriate phase 
and amplitude for the region and time period. Freshwater volume sources are input at the 
western boundary at flow rates calibrated to USGS flow gauges (Figure 2A) in the
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Mattaponi and Pamunkey Rivers. Initial temperature and salinity distributions were 
calibrated to observed data.
The York River model has undergone extensive calibration and accurately 
simulates tidal range, tidal phase, current velocity, and salinity along the length of the 
model domain (Sisson et al., 1997). The calibrated model uses environmental data for the 
period from May to September, 1989. The model runs in this study simulated freshwater 
discharge, wind conditions, and tidal forcing for a 14 day period commencing on 18 July, 
1989 (Figure 2A-B).
Larval Transport
The vertical migration behaviors of simulated crab larvae were incorporated into 
the Eulerian transport equations for suspended constituents within the HEM3d. “Larvae” 
were assigned time-dependent swimming and sinking rates typical for crab zoeae in 
laboratory studies (Sulkin, 1984; Table I A), and these rates increased at discrete intervals 
to reflect behavioral changes during development (Cronin and Forward, 1986; Sulkin, 
1984). To simulate a tidal vertical migration behavior, for example the ebb-phased 
behavior (Table IB), larvae were assigned an upward velocity when the local current was 
ebbing. During the flood current, larvae were given a downward velocity equal to the 
sinking rate (Table 1A-B). To account for light limitation of upward migration, simulated 
larvae were restricted to depths below a set limit that reflected typical light limitation 
observed in estuarine systems (Sulkin, 1984). While swimming and sinking rates were 
defined, larvae were not constrained to a particular depth layer or assigned a particular net
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velocity accounting for both behavioral and physical effects. Therefore, vertical turbulent 
mixing or other physical processes could potentially overwhelm behaviors and influence 
vertical distribution. I examined the effects of five different vertical migration patterns on 
horizontal transport (Table IB, Figure 3 A-D).
The transport of both positively (Floating, Table IB) and negatively (Sinking, 
Table IB) buoyant passive particles were modeled as a basis for comparison to larval 
behavior.
Three vertical migration behaviors (Ebb, Flood, and Ebb/Light; Table IB) were 
modeled, and they were similar to those observed in the field. Ebb-phased upward 
swimming occurs in species that are exported from the estuary and was similar to that 
observed in Uca spp. in the York River (Garrison, Chapter I). Flood-phased upward 
swimming is typical of strongly retained species (e.g., Rhithropanopeus harrisii; Cronin 
and Forward, 1986) or post-larvae that are re-invading the estuary (Epifanio, 1988; Olmii, 
1994). The Ebb/Light behavior included the daytime depth limitation and was similar to 
that observed in Pinnotherid zoeae (Garrison, Chapter I). Simulated larvae were near the 
bottom during both day and night flood tides, near mid-depth during day ebb tides, and 
near the surface during night ebb tides (Figure 3D).
In the model simulations, “larvae” were released from a shallow site near the 
mouth of a tidal creek on the Northern shore (Figure 1) during a nocturnal, spring, ebbing 
tide. The hatching of larvae during ebbing spring tides is observed in many estuarine 
crabs, and is potentially an adaptive strategy promoting rapid export from shallow habitats
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(Christy, 1982; Morgan and Christy, 1995). An arbitrary number of larvae were released 
during the model runs.
Model Output
The HEM3d model is capable of producing the full three-dimensional field of 
physical parameters and suspended and dissolved constituents (i.e., salinity, larval 
concentration) at user defined intervals. Larval transport in each model run was assessed 
with horizontal contours of larval concentration produced at approximately six hour time 
intervals.
The physical mechanisms responsible for the transport of simulated larvae were 
examined using velocity profiles within the model. Three cross-channel vertical transects 
were produced at sites upriver, downriver, and near the release point (Figure I). Velocity 
contours were examined for each slice during four points in a single tidal cycle (Mid-Ebb, 
Low Tide, Mid-Flood, and High Tide) during spring tides (Figure 4). Mean velocity for a 
1.5 hour period was depicted in vertical contour plots. Therefore, the mid-Ebb and mid- 
Flood plots reflect transport during the early portion of each tidal stage while the Low tide 
and High tide sections reflect transport during the later half of the current stages. These 
data were used to assess the spatial and temporal variation in velocity structure. The 
transects were selected as representative locations within different portions of the river 
basin.
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Table 1 A-B: Larval programmed behaviors and swimming and sinking rates.
+ = upward swimming, - = downward swimming. Swimming and sinking rates are typical 
for crab zoeae and expressed in mm/sec (Sulikn, 1984).
A. Swimming and Sinking Rates
Days Zoeal Stage Swimming Rate 
(Upward)
Sinking Rate 
(Downward)
0 - 4 I 4.0 3.2
4 - 8 II 6.0 4.5
8 -1 2 in 7.2 6.1
12- IV 9.0 7.8
B. Programmed Behaviors
Behavior Flood Ebb Daytime Depth 
Limit
I - Floating + + none
n  - Sinking - - none
m - E b b - + none
IV- Flood + - none
V-Ebb/Light - + below 1.7 m
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Figure 1: Map of the York River. The domain of the HEM3d model includes the York 
Ruver and the tidal portions of the Mattaponi and Pumunkey Rivers. Simulated larvae 
were released from a shallow tidal creek (depth = I m) on the North shore. The locations 
of the upriver, release, and downriver transects for vertical velocity profiles are indicated.
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Figure 2: A. Freshwater Inflow from the Mattaponi and Pamunkey Rivers in cubic 
meters per second as measured at USGS flow gauge stations. Note the differences in 
scale. Outflow from the Pamunkey river was an order of magnitude higher throughout the 
model period. B. Atmospheric Forcing. Wind speed and direction were input as forcing 
parameters in the HEM3d. Atmospheric measurements were taken from the Virgina 
Institute of Marine Science Data collection center at Gloucester Point, VA. Angular wind 
direction is measured counterclockwise from East, and arrow length is proportional to 
wind speed.
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Figure 3: A. Surface elevation in meters during a representative period in the model run. 
B-D. Depth of Larval Center of Mass (DCM). The larval center of mass is calculated 
after Thiebaut et a l.(1992) and is the mean location of particles relative to water column 
depth (0 = surface, -1 = bottom).
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Figure 4: Surface Elevation in meters. Time series of surface elevation near the release 
site. The model run commenced during a nocturnal, ebbing, spring tide. Underlines show 
the representative period used for the examination of vertical velocity profiles.
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Transport o f non-migrating particles
Positively buoyant passive particles (Floating, Table IB) were rapidly transported 
downstream and exported from the estuary. Concentrations in the tidal creek near the 
release site remained high through day 5 (Figure 5 A-C), and particles in the mainstem 
were transported downstream and out of the estuary by day 6. There was some weak 
upstream transport. Low concentrations occurred well upstream of the release site. 
Particles were evenly distributed across the river above Gloucester Point; however, there 
was strong lateral structure in the lower portion of the river with particles strongly 
concentrated on the south shore (Figure 5 D).
Sinking (Table IB) passive particles were retained within the estuary and 
transported upstream. Particle concentrations remained high in the tidal creek through 
day 14 (Figure 6 A-D). Sinking particles were transported more slowly than the positively 
buoyant particles, and high concentrations occurred upstream of the release site only after 
day 5. There was little lateral structure in particle distribution throughout the time series 
(Figure 6 A-D).
Transport o f vertically migrating larvae
Simulated larvae with ebb-phased vertical migration behaviors (Table IB) 
experienced rapid downstream transport. Retention of ebb-phased swimmers near the 
release site was much lower than that of passive positively buoyant particles. Larvae were
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flushed out of the creeks by day 2 (Figure 7B). There was a very strong lateral gradient in 
concentration, with larvae concentrated on the south shore below Gloucester Point.
Larval concentrations were extremely low throughout the river by day 5, and there was 
very little upstream transport (Figure 7D). The overall export of vertically migrating 
particles was greater than that of the passive floaters.
The flood-phased swimming larvae also showed stronger transport than 
comparable passive particles. A concentrated patch of larvae was retained near the release 
site through day 3, then experienced strong upstream transport along the northern shore 
between days 4 -8  (Figure 8 A-D). Larvae were transported upstream near West Point, 
and remained highly concentrated there through the end of the model mn. Flood-phased 
vertical migration promoted rapid upstream transport.
Larvae with combined light and tidal behaviors (Ebb/Light, Table I A) were 
exported from the estuary at a slower rate than the ebb-phased migrators (Figure 9 A-D). 
Larvae flushed away from the tidal creeks were transported downstream along the 
southern shore and exported from the estuary by day 8. Concentrations within the tidal 
creeks remained high through day 12 (Figure 9D).
Vertical velocity profiles
There were strong lateral gradients in velocity during all tidal stages in the upriver 
transect during spring tides. During both mid-Ebb and mid-Flood (Figure 10A, IOC) the 
strongest velocities occurred over the shoal regions on the northern shore. Velocity was 
generally weaker during both stages on the south shore. During periods of maximum tidal
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velocity depicted in the Low Tide and High Tide sections, the strongest velocities occur 
near the surface over the deep channel regions (Figure 10B, 10D). There was both 
vertical and lateral shear with reduced velocity near the bottom in the channel regions and 
over the shoal areas. There was greater vertical shear over the northern shoal with 
generally vertical contour lines over the southern shore during all current stages Figure 
10A-D).
At the release transect during spring tides, similar patterns of strong lateral and 
vertical gradients in velocity were observed. The degree of lateral shear was greater than 
that observed in the upriver transect. Near the surface over the channel, there was weak 
upstream velocity during the mid-Ebb period. There was a region of near zero velocity at 
mid-depth and negative (downstream) velocities over both shoals (Figure 11 A). A similar 
pattern occurred during the mid-Flood period with reversed signs (Figure 11C). The 
greatest lateral velocity shear occurred near the drop-off between the shoal and the 
channel on the north shore (Figure 11 A, 11C). During the periods of maximum transport, 
tidal stream velocity was highest near the surface over the deep channel and declined both 
with depth and laterally approaching the shoal regions (Figure 1 IB, I ID).
In the downriver transect during both ebb periods, the strongest downstream 
velocities consistently occurred in the deeper portions of the channel, rather than near the 
surface as observed in previous transects (Figure 12A, 12B). Velocity was more laterally 
homogenous during these periods, with generally little gradation in velocity approaching 
the southern shore. During the flood periods, there was very little lateral reduction in 
velocity, particularly during the mid-flood period (Figure 12C). The strongest flooding
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velocities occurred near the surface and declined with depth. There was a very strong 
vertical gradient in velocity at mid-depths during the mid-flood period (Figure 12Q. In 
the downriver transects, there was weaker lateral shear in velocity, but greater vertical 
shear over the channel than that observed in the upriver and release transects. The 
differences are likely associated both with the greater depth of the channel and the 
asymmetric structure of the depth profile in this region (Figure 12A-D).
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Figure 5 A-D: Concentration of Floating (Behavior I - Table IB) particles.
Horizontal contour plot of concentration in the surface layer. Reddish colors reflect high 
concentration and blue or darker colors represent low concentrations.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 6 A-D: Concentration of Sinking (Behavior II - Table IB) particles.
Horizontal contour plot of concentration in the surface layer. Color scale is the same 
that in figure 5.
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Figure 7 A-D: Concentration o f Ebb-phased (Behavior HI - Table IB) larvae.
Horizontal contour plot of concentration in the surface layer. Color scale is the same as 
that in figure 5.
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Figure 8 A-D: Concentration of Flood-phased (Behavior IV - Table IB) larvae.
Horizontal contour plot of concentration in the surface layer. Color scale is the same as 
that in figure 5.
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Figure 9 A-D: Concentration of Ebb/Light behaving (Behavior V - Table IB) larvae.
Horizontal contour plot of concentration in the surface layer. Color scale is the same as 
that in figure 5.
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Figure 10 A-D: Vertical velocity contours for upriver transect Vertical velocity 
profile at the transect upriver of the release site (Figure 1) during a spring tide period. 
Velocity vlaues are means for the 1.5 hour period proceeding the tidal stage in each plot. 
Positive values reflect upstream transport in cm/sec.
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Figure 11A-D: Vertical velocity contours for release transect Vertical velocity 
profile at the transect near the release site (Figure I) during a spring tide period. Velocity 
vlaues are means for the 1.5 hour period proceeding the tidal stage in each plot. Positive 
values reflect upstream transport in cm/sec.
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Figure 12 A-D: Vertical velocity contours for downriver transect. Vertical velocity 
profile at the transect downriver from the release site (Figure I) during a spring tide 
period. Velocity vlaues are means for the 1.5 hour period proceeding the tidal stage in 
each plot. Positive values reflect upstream transport in cm/sec.
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DISCUSSION
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The primary goals of this study were to examine the influence of larval vertical 
migration behaviors on transport and dispersal, to compare the distribution of larvae with 
tidally timed vertical migration patterns to that of passive particles, and to evaluate the 
physical mechanisms driving larval distribution in estuarine systems. The data indicated 
that larval behaviors strongly influence the degree of transport associated with tidal 
currents and thereby result in consistent large scale dispersal patterns. The data also 
indicated that tidal shear fronts within the estuary drive strong lateral (cross-stream) 
gradients in larval density and are potentially important determinants of recruitment 
success.
In the present study, vertical migration behaviors had a strong influence on 
transport and dispersal patterns. Vertically migrating larvae generally showed more rapid 
upstream or downstream transport than non-migrating passive particles. This study 
highlights the importance of active behaviors as opposed to passive physical mechanisms 
in determining both larval vertical distribution and associated transport patterns. The 
vertical distribution of larvae will have a strong effect on horizontal transport in estuarine 
systems regardless of whether distribution is driven by behavior or passive physical mixing 
(Hill, 1995). Enhanced vertical mixing of sinking particles associated with strong tidal 
currents may result in physically driven tidal vertical distribution patterns (de Wolf, 1981). 
The importance of behaviors for larval transport is readily apparent from the comparison 
between the flood-phased vertical migrators and sinking particles. The tidally timed 
vertical migration behaviors resulted in rapid upstream transport, while the sinking
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particles exhibited weak transport associated with weak residual upstream transport near 
the bottom.
While passive physical mechanisms can influence larval vertical distributions, the 
swimming and sinking rates of crab zoeae are sufficient to overcome turbulent mixing. In 
the present study, this was reflected in the strongly conservative patterns of vertical 
position observed in simulated larvae. Behaviors were modeled by programming a tidal 
stage dependent swimming or sinking rate, not by denning an overall net rate of motion or 
a particular depth. Mixing processes in the vertical plane could therefore potentially 
overcome larval behaviors. The vertical distribution patterns of simulated larvae were 
reflective of active behaviors, rather than passive dispersion of larvae by turbulence.
These results are similar to patterns observed in field studies. Despite the well mixed 
nature of shallow water columns in estuarine systems, vertical migration behaviors tend to 
be highly conservative (Queiroga et al., 1997; Garrison, Chapter I; Cronin and Forward, 
1986).
The large scale patterns of transport observed in this study were typical of those 
expected for tidally migrating plankton. The most consistent pattern in the vertical 
stratification of velocity is that there are higher tidal stream velocities near the surface and 
reduced transport near the bottom due to friction. As a result, the greatest tidal stream 
transport generally occurs when larvae are near the surface. Simple calculations predict 
that rapid directional transport results from tidally timed vertical migration behaviors (Hill, 
1995; Queiroga etal., 1997). Rapid transport was predictably observed in both the flood 
and ebb-phased vertical migration behaviors in the present study.
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What is less readily apparent is the importance of tidal behaviors versus more 
simple non-migrating behaviors such as passive sinking or floating. The data from the 
present study indicated that the broad patterns of transport are similar between migrating 
and non-migrating particles. Passive floaters were rapidly exported from the estuary, as 
were ebb-phased vertical migrators. Passive sinkers were retained within the estuary, as 
were flood-phased vertical migrators. However, there were important differences in the 
distribution of passive particles versus behaving larvae. The rate of export from shallow 
tidal creeks was much stronger in both the ebb- and flood-phased behaviors in comparison 
to passive behaviors. This pattern may be of particular importance to overall recruitment 
success. Crab zoeae that lack anti-predator defenses are typically rapidly exported from 
shallow hatching habitats and estuarine systems were predator densities are high (Morgan, 
1990). Both larval behaviors and hatching rhythms may be strongly tied to tidal transport 
to promote very rapid export of larvae from shallow creeks (Morgan and Christy, 1995). 
Tidal creeks are characterized by greatly reduced levels of non-tidal exchange due to 
limited freshwater input and the frictional effects of shallow depths. Therefore, tidal 
behaviors have a strong impact on export from these habitats since larvae are exposed to 
tidal flows that enhance exchange between the creek and the parent estuary.
The primary effect of tidal vertical migration behaviors is to tie larval transport to 
strong tidal flows rather than weak non-tidal residual currents (Queiroga et al., 1997). In 
contrast, light dependent behaviors tend to uncouple larvae from tidal stream processes 
and reduce transport rates. Larvae spend less time in the region of maximal tidal stream 
transport, and the degree of tidal stream transport is variable over the period of larval 
duration due to the phasing between the light and tidal cycles (Hill, 1991). The slower
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export from the estuary and greater retention within tidal creeks observed in the ebb/light 
behavior reflects these processes. The addition of light limited behaviors to the tidally 
timed behavior is indicative of a potential recruitment trade-off. Tidal vertical migration 
behaviors are strongly tied to physical cues in the larval habitat These behaviors are likely 
adaptive for selective pressures promoting large scale dispersal. In contrast light 
dependent behaviors are not associated with physical transport and are more typically 
predator avoidance behaviors (Forward, 1987; Ohman, 1990). The addition of the light 
dependent behavior results in a transport cost but may provide an advantage associated 
with selective pressures on smaller scales.
Tidal vertical migration behaviors also result in consistent transport patterns over 
large time scales. Larvae of weakly swimming invertebrate taxa are generally incapable of 
regulating depth or traversing the water column on short time scales (Young, 1995). 
Larval vertical distributions in these taxa are influenced by physical processes and may be 
similar to those modeled in either the floating or sinking behaviors in the present study. In 
cases where larval export is favored early in development, invertebrate larvae tend to be 
concentrated near the surface due to either active upward swimming or positive buoyancy 
(e.g. Polychaete larvae, Thiebaut et al., 1992). In estuarine systems, freshwater input 
strongly influences the rate of downstream residual flow near the surface and the transport 
of passively floating particles (Pritchard, 1952). The rate of inflow from freshwater 
sources is extremely variable during the summer months in most temperate estuaries, as 
was apparent in the time series of freshwater input in the present study. In addition, wind 
driven circulation is strongest in surface waters and will influence larval distributions 
patterns (e.g. bivalve larvae, Jacobsen et al., 1990; Polychaete larvae, Thiebaut et al..
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1992 ). Therefore, passive behaviors such as floating or sinking expose larvae to highly 
variable, stochastic physical events that result in high degrees of variability in transport and 
recruitment success. In contrast, tidal physical processes tend to be highly conservative 
over long time scales within a particular region. Tidally timed vertical migration behaviors 
strongly cued to local physical processes likely provide greater stability in recruitment 
rates.
Physical process that tend to concentrate planktonic organisms have a potentially 
strong impact on predation and feeding rates and may strongly influence recruitment 
success in marine larvae (Frank et al., 1993; Rothschild and Osborne, 1988). The data 
from the present study indicated that physical features within the estuary result in strong 
concentration of larvae over shoal regions in vertically migrating larvae. The degree of 
concentration was reduced in non-migrating particles, indicating that larval behaviors 
interact with prevailing physical features to promote strong retention of larvae within local 
regions. The strong lateral gradients in the vertical velocity profiles indicated that there 
was a consistent pattern of differential transport between the shoal regions and the deeper 
central channel. In estuarine systems, this type of lateral velocity gradient results in the 
formation of ephemeral shear fronts. Due to lateral velocity gradients, the freshest water 
occurs at the surface over the channel during the slack-before-flood while it occurs over 
the shoal regions during the slack-before-ebb (Huzzey and Brubaker, 1988). The 
horizontal density gradients result in the formation of a convergence zone along the edge 
of the channel. These fronts are strongest around the period of high tide and are 
consistently observed in the York River (Huzzey and Brubaker, 1988). Since these
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velocity gradients are accurately modeled within the present study, it is likely that the 
concentration of vertically migrating larvae over the shoals is associated with shear fronts.
The influence of shear fronts and other types of tidal fronts is a persistent feature 
of partially to well-mixed estuaries (O’Donnell, 1993). Ephemeral fronts were associated 
with extremely high concentrations of crab larvae in Delaware Bay (Clancy and Epifanio, 
1988; Epifanio, 1987). Larval vertical migration behaviors were hypothesized to interact 
with vertical velocity structure within the front to promote strong retention of larvae 
(Clancy and Epifanio, 1988). Tidally driven fronts were also a consistent feature in 
several locations in Delaware Bay and reduced the lateral dispersion of surface drifters 
near oyster spawning grounds. These fronts are potentially important in maintaining 
oyster larvae near suitable settlement habitats (Jacobsen et al., 1990). The model results 
from the present study also indicate the potential importance of tidal fronts in maintaining 
high concentrations of crustacean larvae. These features likely play a strong role in 
determining the extent of larval dispersal, transport to settlement habitats, and the strength 
of trophic interactions in a variety of estuarine systems.
Detailed hydrodynamic models like that used in the present study allow the direct 
investigation of larval transport patterns. The present application of the HEM3d model 
represents a significant improvement over previous models used to examine larval 
transport. The primary advantage of the present model is the fine scale resolution within a 
small estuary. Typical horizontal resolution in estuarine models are greater than 1 km2 
(Jacobsen et a l, 1990; Johnson and Hess, 1990). These models are incapable of resolving 
smaller scale frontal dynamics, like those important in the present application. Since 
tidally driven frontal systems are prevalent in estuarine systems, physical models must be
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able to resolve these features if they are to accurately simulate larval transport and 
distribution.
Another important feature of three-dimensional models is the inclusion of vertical 
mixing into particle transport equations. The majority of hydrodynamic models in use 
today include a Mellor-Yamada type solution for vertical turbulent mixing (Jacobsen et 
al., 1990, Johnson and Hess, 1990, Bartsch and Knust, 1994). However, in the execution 
of larval transport routines, the role of vertical mixing is often discounted. The most 
typical method is to assign larvae to a particular depth strata at specified periods 
corresponding to vertical migration behaviors (e.g., Jacobsen et al., 1990; Bartsch and 
Knust, 1994). This type of modeling strategy does not allow for the dispersion of larvae 
due to physical mixing, or for physical processes during turbulent events to overcome 
larval swimming capabilities. Vertical mixing may have very strong impacts on overall 
transport rates since they will tend to uncouple the relationship between larval position in 
the water column and tidal stream transport (Smith and Stoner, 1993). The inclusion of 
these processes is necessary for the accurate simulation of larval transport.
While the model in the present study provides fine-scale resolution of physical 
processes that influence larval distributions, it remains a model study and therefore the 
results must be tested in the Held. The results from the present study point to the potential 
importance of physical processes within frontal regions in driving larval distribution in 
estuarine systems. These small scale physical features remain poorly studied both in terms 
of physical dynamics and biological interactions. The results of this and other model 
studies need to be verified by Lagrangian studies that track larval cohorts in the field and
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directly study the biotic and physical processes that determine larval survival and 
recruitment success.
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CHAPTER 3:
Biochemical responses to starvation and food quality in the first zoeae of two species
of Brachyuran crabs.
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ABSTRACT
Crab zoeae have short critical periods during which they must accumulate energy 
reserves and essential nutrients from dietary sources. Larvae that develop within different 
habitats likely face different levels of nutritional stress associated with differences in both 
food availability and quality. This study examined the influence of starvation and food 
quality on the survival and biochemical composition of zoeae that develop in different 
habitats: Uca minax and Dyspanopeus sayi.
Larvae were raised on four natural diets: Starved, Phytoplankton, Zooplankton, 
and Zooplankton + Phytoplankton. Polar and neutral lipid class content and protein 
content were measured. The effects of diet and time on biochemical composition (4 
neutral lipids, 4 polar lipids, and protein) were examined using MANOVA.
The larvae from both species had low levels of energetic lipids (triglyceride and 
wax ester) indicating that natural zooplankton prey provided sufficient energy for growth 
and survival but not for the accumulation of energy reserves. Larvae survived longer on 
phytoplankton diets, but they were unable to molt.
During starvation, larvae from both species metabolized primarily protein and 
phospholipids from tissues. U. minax larvae tended to conserve available neutral lipids 
and utilized protein during starvation rather than phospholipids. D. sayi larvae appeared 
to more readily mobilize energy from the phospholipid fraction.
The longer survival time of U. minax under reflects more efficient catabolization of 
reserves. D. sayi zoeae rapidly mobilize essential phospholipids resulting in greater 
negative impacts on metabolic condition and survival. U. minax appears to be better 
adapted to nutritional stress, likely reflecting the lower productivity of its larval habitat.
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The zoeae of decapod crustaceans have planktonic periods of days to weeks and 
molt through several instars during the larval phase (Gore, 1985). Dramatic changes in 
the rate of energy utilization occur over relatively short time periods in association with 
the molt cycle (Anger and Dawirs, 1981; Lovrich and Ouellet, 1994). Zoeae utilize 
neutral lipid reserves, primarily triglycerides, during rapid growth accompanying ecdysis. 
The accumulation of these lipids early in the molt cycle (Harms etal., 1991; Anger and 
Dawirs, 1981) and the biochemical quality (e.g., Polyunsaturated Fatty Acid content; 
Levine and Sulkin, 1984) of dietary lipids are important for larval survival.
Nutritional stress associated with low prey concentration increased the duration of 
larval instars and reduced the amount of growth associated with ecdysis in the shrimp 
Palaemonetes pugio (Freeman, 1990). Similar changes occurred in postlarval Penaeus 
vannemei with a reduction in larval weight during prolonged periods of starvation (Stuck 
et al., 1996). The majority of weight loss during starvation was attributed to the 
catabolism of protein in zoeae of both the crab Carcinus meanus (Harms et al., 1989) and 
paneid shrimp Penaeus vannemei (Stuck et al., 1996). Crustacean larvae generally have 
high protein contents on the order o f40-60% of total body mass (McConaugha, 1985; 
Harms et al., 1989), and the reduction in weight likely reflects the utilization of tissue 
protein during severe starvation. Crustacean larvae are generally highly sensitive to 
starvation and are unable to recover after short periods of low food availability (Anger and 
Dawirs, 1981; McConaugha, 1985). This Point-of-No-Retum (PNR) may be associated
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with tissue damage during protein catabolization (McConaugha, 1985; Harms et al.,
1989).
During short term starvation, triglyceride reserves are rapidly utilized to maintain 
metabolism prior to the degradation of protein (Harms, etal., 1991; Sasaki, 1984; Ouellet 
et al., 1995). Neutral lipid concentrations typically decline and remain low in either 
continuously starved larvae or those fed low quality food sources such as phytoplankton 
(Harms, etal., 1994; Harms etal., 1989).
The effects of nutritional stress on polar lipid content has received little attention. 
Phospholipids (primarily phosphatidyl choline and phosphatidyl ethanolamine) accounted 
for approximately 80% of the total lipid content of the zoeae of Pandalus borealis 
collected from the field (Ouellet et al., 1995). Phospholipids are considered to be 
structural components and are primarily incorporated into cell membranes. Changes in 
phospholipid content and composition are likely during severe nutritional stress and will 
have a dramatic impact on the overall metabolic state of the organism.
Brachyuran crabs with similar adult habitats exhibit a wide range of development 
strategies. There is considerable variation in the duration of the larval phase and the 
number of zoeal instars (Hines, 1986). These differences in development are accompanied 
by differences in the sensitivity of larvae to nutritional stress. The brachyuran zoeae are 
primarily planktotrophic and rely upon exogenous energy supplies to complete 
development. Species that develop in the coastal ocean such as Callinectes sapidus 
(Family Portunidae) are often able to either delay metamorphosis to the post-larval stage 
by adding an additional zoeal stage or accelerate metamorphosis by skipping a zoeal instar 
depending upon nutritional or environmental conditions (McConaugha, 1985; Sulkin,
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1978). Species which develop in the coastal ocean also tend to have greater resistance to 
starvation and are able to survive starvation conditions for several days prior to reaching 
the PNR (e.g., Uca minax, preliminary result). Species such as Rhithropanopeus harrissi 
(Family Panopeidae) that develop within estuarine systems are generally highly susceptible 
to short term nutritional stress and are developmentally inflexible (Anger eta l., 1981). 
These differences in development strategies and resistance to starvation are likely 
associated with differences in the distribution and abundance of prey items between 
different larval habitats.
While the general patterns of biochemical responses to nutritional stress in 
crustacean larvae have been well documented, they have been limited primarily to broad 
categories of biochemical constituents such as neutral lipid, total lipid, or total protein. 
Relatively few studies have directly examined specific changes in the biochemical 
composition of crustacean larvae associated with starvation (e.g., Sasaki, 1984; Ouellet et 
al., 1995) or development (e.g., Lovrich and Ouellet, 1994). The purpose of this study 
was to examine the changes in neutral and polar lipid class content and protein content in 
response to food availability and quality. The study also compared the biochemical 
mechanisms underlying differences in resistance to nutritional stress between two species 
which develop in different larval habitats: Uca minax (Family Ocypodidae) and 
Dyspanopeus sayi (Family Panopeidae).
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Target Species: Uca minax and Dyspanopeus sayi
Uca minax (Family Ocypodidae) is representative of the three species of genus 
Uca that occur in estuarine salt marsh ecosystems. The adult habitat is semi-terrestrial in 
salt marshes throughout the estuarine salinity range (Williams, 1984). The larva develops 
through five zoeal instars and a post-larval (i.e., megalopal) stage which re-invades the 
juvenile and adult habitat (Williams, 1984). Early stage zoeae are abundant in the estuary 
and later stages are found near the mouth of primary estuaries or on the nearshore 
continental shelf (Sandifer, 1972; Johnson, 1982; Epifanio eta l., 1988).
Dyspanopeus sayi (formerly Neopanope sayi, Martin and Abele, 1986) are 
subtidal crabs that occur in the lower portions of primary and secondary estuaries. The 
four zoeal stages occur within estuaries (Sandifer, 1972; Goy, 1976). Megalopa of the 
panopeids are typically found solely within the estuary (Johnson, 1982) indicating that 
these species are retained throughout larval and post-larval development.
Culturing Methods
Ovigerous females from each species were collected from local populations near 
the mouth of the York River in Southern Chesapeake Bay and maintained in laboratory 
aquaria until larvae hatched. Larvae were collected within 3-4 hours after hatching and 
randomly assigned to replicate batches. Batches consisted of sibling groups from five to 
six females.
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Larvae were randomly assigned to I-liter containers at densities of 100 larvae/l for 
U. minax and 35 larvae/l for D. sayi. Because D. sayi zoeae are larger than U. minax 
zoeae, the biomass concentration was similar for the two species. These densities were 
selected based upon the availability of larvae, the number required for biochemical 
analysis, and to avoid overcrowding of the experimental containers. Salinity was 
maintained at 25 p.s.u., temperature was 25 ° C, and larvae were maintained on a natural 
photoperiod (approx. 14H Light - 10H Dark) throughout the experiment. Water and food 
were changed daily.
Natural phytoplankton and zooplankton were collected daily as larval prey. 
Phytoplankton was collected by filtering York River water at a  nominal size of 10 pm. 
Larger organisms were removed by filtering through a 35 pm nitex sieve prior to addition 
to experimental containers. The phytoplankton fraction predominantly consisted of 
dinoflagelettes, small diatoms, and protists. Cell concentrations of phytoplankton were 
maintained at approximately 104 cells/ml (Paul et al., 1989; Epifanio et al., 1994).
Zooplankton was collected with an 80 pm mesh nitex plankton net. The 
zooplankton fraction was sieved through a 202 pm sieve to remove predators and wild 
zoeae. Zooplankton prey was maintained at concentrations of 103 organisms/1 (Paul et 
al., 1989; Epifanio et al., 1994). The zooplankton prey consisted predominantly of small 
copepodites, copepod nauplii, barnacle nauplii, and polychaete larvae. These organisms 
are typically important prey items for crab zoeae collected from the field (Paul et al.,
1989), and they were easily consumed by both species in this study. Prey were dosed into 
experimental containers once a day within 1 to 2 hours after collection to assure that they
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were in good condition. There were no significant changes in prey density over the 24 
hour period.
Experimental Design
This experiment was designed primarily to assess the influence of diet type on the 
growth, survival, and biochemical composition of first stage zoeae of these species. The 
first stage zoeae is most likely to experience nutritional stress in the natural habitat, since 
they are generally hatched with limited maternally supplied resources (McConaugha,
1985). The early periods of larval development are consistently more susceptible to 
nutritional stress than later instars (McConaugha, 1985).
The experimental unit in this study was each 1 liter container. Three replicates 
were randomly assigned to four diet treatments: Starved, Phytoplankton (Phyto), 
Zooplankton (Zoo), and Zooplankton + Phytoplankton (Z + PP). Containers were 
randomly sampled daily (4 treatments x 3 replicates =12 containers per day) and both 
living and dead larvae were counted, the zoeal instar was determined, and zoeae were 
stored immediately at -80 degrees C for biochemical analyses. Since different containers 
were selected each day, time was treated as a fixed factor in the experimental design. 
Rigorous attention was paid to complete randomization and interspersion throughout the 
experiment to avoid potential biases or pseudoreplication.
Biochemical analyses
Larvae were dried for approximately 15 minutes in a dessicator, and larval dry 
weight was measured to the nearest 0.1 pg using a Cahn-29 electronic microbalance. This
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dry weight was not significantly different from drying at 90 °C for 24 hours (preliminary 
results). 2-5 larvae were analyzed for protein content and 10-30 larvae were analyzed for 
lipid class composition, depending on dry weight. Samples were maintained cold and 
under nitrogen throughout lipid analyses to avoid degradation. Daily samples of both 
phytoplankton and zooplankton prey were stored for analysis of lipid class composition.
Larval soluble protein content was determined after solublizing larvae in 1 N 
NaOH and homogenizing by sonication. Protein concentration was determined using the 
Lowry et al. (1951) colorimetric method on a microplate reader at an absorbence of 690 
nm. Protein content was calibrated to a standard curve using bovine serum albumin. 
Protein content was determined from approximately 10-20 pg of dry tissue.
Both polar and neutral lipid class content was determined using the Iatroscan 
TLC-FID system. Lipids were first extracted from homogenized tissues in 2:2:1 
Chloroform: Methanol: Water after Bligh and Dyer (1959). Five pg of stearyl alcohol 
was added to the samples prior to homogenization as an internal standard to correct for 
loss of lipids during the extraction procedure. Approximately 50-100 pg of dry tissue was 
extracted for lipid class analysis.
Neutral and polar lipid classes were quantified by standard curve on S-IH 
chromarods using a Mark HI Iatroscan analyzer. The sensitivity of measurement was 
approximately 0.2 pg per lipid class. Total lipid extracts were concentrated to 1-3 pi and 
the entire sample was spotted on the chromarod.
Total lipids were developed in 80:15:0.04 Hexane: Ethyl ether: Water (Fraser et 
al., 1985) to separate neutral lipids. The rod was scanned in the TLC-FID analyzer to just 
above the spotting location, quantifying the neutral lipid classes. The rods were then
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developed in 80:40:4:0.25 Chloroform: MeOH: Water: Glacial Acetic Acid to separate 
polar lipids, and the whole rod was scanned to quantify polar lipid classes. These two 
solvent systems provided excellent separation of lipid classes.
Statistical Analyses
For each species, larval dry weight and daily proportional survival were response 
variables in factorial Analysis of Variance models with two fixed factors: diet treatment 
(Diet) and time (number of days post hatching). Daily proportional survival was 
calculated as the number of live larvae divided by the total number (live + dead) of larvae 
remaining in the experimental tank. Since dead larvae were removed during water 
changes, this value represents a daily survival rate. Larval weight and proportional 
survival both met the assumptions of normality (Shapiro-Wilk p > 0.20) and homogeneity 
of variance (Levene’s Test p > 0.30).
The biochemical constituents (lipid classes and protein) were considered as 
dimensions within a Multivariate Analysis of Variance (MANOVA). The biochemical 
composition of the larvae reflects the overall metabolic state of the organism. Therefore, 
it is unreasonable to consider each biochemical constituent as an independent variable, and 
they must be analyzed jointly using multivariate techniques. The MANOVA model 
included the two fixed factors (Diet and Time) in a factorial model.
Separate analyses were conducted for each species. The number of days included 
in each analysis was driven by the survival time of the starved animals in each group.
Since the survival of the starved animals was extremely short in D. sayi and the starved 
larvae strongly influenced the overall results of the MANOVA model, an additional 
analysis comparing the remaining three treatments for a longer period of time was
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conducted to directly assess the effects of phytoplankton versus animal foods on 
biochemical composition.
Separate MANOVA models were evaluated with biochemical composition 
expressed in two different ways: as percentage of dry weight (percent composition) and 
on a per larvae basis. These two methods of expressing biochemical composition highlight 
different aspects of metabolic changes that were explored within the analysis.
The MANOVA assumes both the multivariate normal distribution of error terms 
and the homogeneity of both variances of each variate and covariances between variates. 
These assumptions are traditionally difficult to test (Bray and Maxwell, 1985). Monte 
Carlo studies of MANOVA models indicate that the relevant test statistics are very robust 
to violations of multivariate normality; however, Type I error rates were significantly 
higher under conditions of heteroscedasticity, though this effect is weakest for Pialli’s 
trace (Johnson and Field, 1993). I employed the test described in Hawkins (1981) to 
examine the variance structure of these data following the recommendations of Johnson 
and Field (1993). While Hawkins test is sensitive to non-normality, it allows the 
distinction of benign non-normality from potentially harmful heteroscedasticity, and it has 
been calibrated to match the sensitivity of Pialli’s trace to violations of this assumption 
(Johnson and Field, 1993).
The data in this study did not meet the assumptions of multivariate normality; 
however, the variance-covariance heterogeneity was within the guidelines provided by 
Johnson and Field (1993). I utilized a permutation method to generate a non-parametric 
estimate of Type I error rates (Good, 1997; Effron and Tibshirani, 1993), and violations 
had little influence on the rates of Type I errors and generated the same p-values as the
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parametric MANOVA. Approximate F-values and associated p-values were determined 
from Pialli’s trace, which is the most robust MANOVA statistic (Johnson and Field,
1993).
Since multiple comparison methods do not exist for MANOVA, a priori contrasts 
were used to test differences between diets. The Dunn-Sidak corrected alpha for non- 
orthogonal contrasts was used to correct for enhanced error rates (Underwood, 1997). 
Contrasts were not conducted when there was a significant Time x Diet interaction effect. 
Specific contrasts are detailed in the MANOVA tables for each test.
To evaluate the influence of individual variates on the overall multivariate 
response, I utilized a canonical discriminant analysis within the MANOVA (Hand and 
Taylor, 1991; Bray and Maxwell, 1985). The contribution of a specific variate to the 
overall canonical score (and thus to the multivariate response) is determined by examining 
the Pearson correlations between the individual variates and the overall canonical scores 
(i.e., the canonical variate correlations). The canonical variate correlations directly 
evaluate the relationship between the variance of a particular variable and the overall 
canonical variate (Levine, 1977; Bray and Maxwell, 1985).
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Lipid Class Composition o f Larvae
Four neutral lipids (Wax ester (WE), Triglyceride (TG), Fatty Acids (FA), and 
Cholesterol (C)) and four polar lipids (Unidentified Polar lipid(UPL), Phosphatidyl 
ethanolamine (PE), Phosphatidyl choline(PQ and Sphingomylein(SPH)) occurred in larval 
samples from both species. The unidentified polar lipid had an Rf value slightly higher 
than that of PE. While it appears to be closely related to PE, the Rf value did not 
correspond to that of either Phosphatidic acid or Phosphatidyl glycerol. Because of the 
similar Rf values, the standard curve for PE was used to quantify UPL.
In both species, the neutral lipids were comprised primarily of cholesterol and fatty 
acids, with reduced amounts of both wax esters and triglycerides. The polar lipids were 
dominated by phosphatidyl choline and the unidentified phospholipid, and phosphatidyl 
ethanolamine was intermittently abundant (Table 1 A-B). D. sayi larvae tended to have 
more FA and TG than Uca minax. Polar lipids accounted for approximately 70-75% of 
the total lipid in both species (Table 1 A-B).
Uca minax
The proportional daily survival of Uca minax larvae was strongly influenced by 
both diet and time as indicated by the highly significant interaction effect (Table 2 A). 
Survival remained high in both the Zooplankton and Z+PP diets through day 7, and larvae 
began to suffer mortality after day 8. The phytoplankton larvae began to die off after day 
7, but survival remained at approximately 40 % up to day 9. Survival in the starved
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treatment remained high through day 5, with high mortality between days 6 and 7 (Figure 
1A). Molting occurred beginning at day 6 in the Zoo and Z+PP treatments. The majority 
(>80 %) of surviving larvae in these treatments had successfully molted to the second 
stage by Day 9. No molting occurred in either the Starved or Phytoplankton treatments.
There was a highly significant effect of diet on dry weight (Table 2B). The weight 
of larvae in the Zoo and Z+PP were significantly higher than in the Starved and Phyto 
treatments (Figure IB). There were no significant changes in weight over time. The 
average dry weight per larvae ranged between 3 and 4 pg per larvae for Uca minax.
There were no apparent differences in the percent composition of the major 
biochemical classes between diets (Figure 2 A-Q. Mean percent total lipid (neutral + 
polar lipid) ranged from 4-8 % of dry weight. Polar lipids accounted for the majority of 
the total lipids. The percentage protein content averaged between 25 and 40 % and 
decreased slightly overtime (Figure 2 A-C).
The nine biochemical constituents were consistently intercorrelated in both the 
percent composition and per larva data. The primary energetic lipid classes, WE, TG, and 
FA were positively cross-correlated (Table 3). Cholesterol was weakly correlated with 
FA; however, it tended to be positively correlated with the phospholipid classes (PC,
UPL, SPH). Protein content was uncorrelated with all other components (Table 3).
The MANOVA for the biochemical composition of Uca minax showed different 
results depending upon the expression of data as percent composition or on a per larvae 
basis. The per larvae composition data indicated a significant effect of diet on biochemical 
composition (Table 4A). The strongest differences occurred when the Starved and Phyto 
groups were contrasted with the Zoo and Z+PP groups (Table 4A). The significant
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canonical variate for the contrast was highly correlated with Protein, PC, and UPL (Table
5), with the protein content accounting for the majority of the between group variation. 
The Starved and Phyto groups are depleted in absolute protein and PC content in 
comparison to the Zoo and Z + PP groups (Figure 3).
In the percent composition data, there was only a very weak suggestion of 
significant effects in both the Time and Diet main effects. The more powerful contrast 
comparing the starved larvae to the other three treatments suggested a weak difference in 
percent composition (Table 4B). The canonical variate correlations indicated strong 
positive correlations between the canonical variate and the neutral lipids and UPL (Table
6). The strongest correlations occur with TG and FA. The starved treatment had a higher 
canonical score than the other three diets (Figure 4). These data suggest that starved 
larvae selectively conserved neutral lipids.
Dyspanopeussayi
Proportional survival was strongly affected by both time and diet (Table 7A). 
Larvae in both the Zoo and Z+PP treatments maintained high survival rates through day 8 
(Figure 5A). Those in the Phyto treatment experienced high mortality beginning on day 3; 
however, survival rates were still in the range of 25-30% on day 8 (Figure 5A). Starved 
larvae suffered extremely high mortality between days 3 and 4. There were only very few 
starved larvae remaining alive on day 5 (Figure 5A). Molting began on day 3 in the Zoo 
and Z+PP treatments. The majority of larvae had molted to the second instar by day 6; 
however, a significant number of first stage larvae remained through day 8. There were 
no successful molts in either the starved or phytoplankton diets.
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There were no significant effects of treatments on dry weight (Table 7B), though 
there is a weak indication of a diet effect. The larvae in the Zoo and Z+PP treatments 
were generally larger than those in the Starved and Phyto treatments; however, the high 
variability in larval weights obscured these patterns (Figure 5B). The dry weight per larva 
ranged from 8-11 pg.
There were no obvious treatment effects in the major biochemical classes (Figure 6 
A-C), with the exception of the high value of percent polar lipid in the starved treatment 
on days 3 and 4 (Figure 6 B). Total lipid ranged between 3 - 8 % of dry weight.
Percentage protein content was generally higher than that of Uca minax, ranging from 35 
- 50 % (Figure 6 A-C).
The first MANOVA for D. sayi included all four diets and days 1-4. While starved 
larvae remained alive on Day 5, too few larvae were available to successfully analyze both 
lipid and protein content. There were strong correlations between the major neutral lipid 
classes (WE, TG, and FA, Table 8). There was a weak diet x time interaction effect in 
both models (Table 9A-B). Due to the potential interaction effect, which was also 
indicated in the permutation MANOVA, the diet contrasts were not interpreted. The 
strongest canonical variate correlations were with the polar lipid classes (PC, PE, and 
UPL) and Protein in both the percentage composition and per larva data (Table 10 A-B). 
The starved larvae had a large score on day 4, indicating an overall increase in the polar 
lipid content compared to the other treatments (Figure 7 A-B).
In the analysis of treatments 2-4, enough larvae survived in the phytoplankton 
treatment to allow analyses through day 8. The multivariate correlations again showed
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correlation between the neutral lipids (WE, TG, FA, and Q , and there were significant 
correlations between PE, UPL, and FA (Table 11).
There were significant differences between diets in both the percent composition 
and per larva data (Table 12 A-B). The contrasts indicated strong differences between the 
Phyto diet and the other two levels (Table 12 A-B). The canonical variate was strongly 
positively correlated with PC (Table 13 A-B). The canonical variate was correlated with 
FA, C, and negatively correlated with UPL in the percent composition data (Table 13A), 
and correlated with Protein, FA, and C in the per larva composition (Table 13B). Larvae 
fed phytoplankton were depleted in absolute content of primarily PC and Protein (Figure 8 
A-B).
Biochemical composition o f prey
There were strong differences in the overall lipid class composition of 
phytoplankton versus zooplankton prey. Phytoplankton had very low total polar lipid 
content. Polar lipids accounted for only 15.4 % of the total lipid as opposed to 36.4 % in 
the zooplankton prey. Zooplankton were also generally more enriched in both WE and 
TG relative to phytoplankton.
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Table 1 A-B: Mean percent composition of neutral and polar lipid classes. 
A. Uca minax
14 5
Lipid Class Percentage Dry Weight
Percentage 
Total Lipid
WE 0.186 4.732
TG 0.044 1.112
FA 0.143 3.638
C 0.565 14.373
UPL 1.362 34.647
PE 0.257 6.538
PC 1.175 29.891
SPH 0.199 5.062
B. Dyspanopeus sayi
Lipid Class Percentage Dry Weight
Percentage 
Total Lipid
WE 0.185 4.036
TG 0.132 2.880
FA 0.442 9.642
C 0.648 14.136
UPL 1.567 34.184
PE 0.392 8.551
PC 1.037 22.622
SPH 0.181 3.949
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Table 2 A-B: Analysis of variance tables for proportional daily survival and dry weight / 
larva in Uca minax.
A. Proportional Daily Survival
Factor DF SS MS F-ratio p-Value
Time (T) 8 3.411 0.427 59.82 <0.001
Diet (D) 3 1.709 0.570 79.95 <0.001
T x D 24 2.374 0.099 13.88 <0.001
Error 72 0.513 0.007
B. Dry weight /  larva
Factor DF SS MS F-ratio p-Value
Time (T) 6 0.936 0.156 0.49 0.812
Diet (D) 3 11.070 3.689 11.61 <0.001
T x D 18 3.786 0.210 0.66 0.831
Error 51 16.209 0.318
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Table 3: Partial correlations from error matrix for Uca minax percent composition.
Partial correlations of error between individual variates. Similar results were found when 
data was expressed on a per larva basis. P-value based upon Pearson correlations: *** p 
< 0.001, ** p < 0.01, * p < 0.05, t  0.05 < p < 0.10.
WE TG F C UPL P P SPH
PRO -0.026 -0.066 -0.013 -0.096 -0.074 0.209 0.740 -0.042
SPH -0.295* -0.288 t -0.136 0.333* -0.075 -0.026 0.681***
P -0.062 -0.184 0.088 0.749*** 0.248 0.2771
P -0.213 -0.336* -0.215 0.163 -0.096
UPL 0.057 0.255 0.208 0.357**
C 0.172 0.038 0.317*
F 0.683*** 0.749**
TG 0.537***
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Table 4 A-B: Multivariate analysis of variance tables for Uca minax. An incomplete set 
of five contrasts was used to evaluate the statistically significant diet effects. The 
contrasts are non-orthogonal, therefore significance is inferred at the Dunn-Sidak 
corrected a*  = l- ( l-a )I/p = 0.010.
A. Per larva
Factor Pfalli's Trace Approx. F DF1 DF2 p-Value
Time (T) 1.184 1379 45 200 0.071
Diet (D) 0.858 1.694 27 114 0.029
T x D 2.303 1.009 135 396 0.466
Contrasts
Starved vs. Phtyo 0.309 1.790 9 36 0.104
Zoo vs Z + PP 0.152 0.719 9 36 0.688
Starved vs Others 0.338 2.042 9 36 0.063
Phyto vs. Z  + ZPP 0.428 2.996 9 36 0.009
(S+P) vs (Z +Z PP) 0.452 3.330 9 36 0.005
B. Percent Composition
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Time (T) 1.125 1.286 45 200 0.124
Diet (D) 0.707 1.301 27 114 0.171
T x D 2.285 0.998 135 396 0.495
Contrasts
Starved vs. Phtyo 0.351 2.162 9 36 0.049
Zoo vs Z + PP 0.901 0.399 9 36 0.927
Starved vs Others 0.400 2.672 9 36 0.017
Phyto vs. Z + ZPP 0.231 1.204 9 36 0.323
(S+P) vs (Z + ZPP) 0.291 1.638 9 36 0.141
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Table 5: Canonical variate coefficients and corelations for the (Starved and 
Phytoplankton) vs. (Zooplankton and Z +• PP) contrast for Uca minax larvae. Data are 
expressed on a per larvae basis. The canonical correlation was 0.672 with p = 0.005.
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE 0.405 35.528 0.141 0.252
TG 0.379 92.747 -0.107 0.386
FA -0.857 - 85.976 -0.179 0.144
C -0.218 - 26.041 0.154 0.209
UPL 0.331 14.617 0.308 0.016
PE -0.116 -14.339 0.135 0.270
PC 0.486 23.619 0.324 0.007
SPH 0.026 4.599 0.091 0.461
PRO 0.998 3.090 0.905 <0.001
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Table 6: Canonical variate coefficients and correlations for the Starved vs. Other contrast 
in Uca minax. Data are expressed as percentage composition. The canonical correlation 
was 0.633 with p = 0.017.
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.004 -1.488 0.289 0.017
TG 0.727 704.645 0.584 <0.001
FA -0.227 -91.962 0.421 0.004
C 1.979 581.324 0.375 0.002
UPL 0.179 25.242 0.291 0.016
PE 0.191 85.891 0.184 0.132
PC -1.708 -298.567 -0.033 0.791
SPH 1.071 633.684 0.312 0.010
PRO 0.248 2.848 0.026 0.833
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
151
Table 7 A-B: Analysis of variance tables for Dyspanopeus sayi proportional survival and 
dry weight/larva.
A. Proportional Daily Survival
Factor DF SS MS F-ratio p-Value
Time (T) 7 3.549 0.507 28.78 <0.001
Diet (D) 3 4.885 1.628 92.44 <0.001
T x D 21 2.074 0.099 5.61 <0.001
Error 64 1.127 0.018
B. Dry weight per larvae
Factor DF SS MS F-ratio p-Value
Time (T) 4 7.093 1.773 0.22 0.928
Diet (D) 3 54.442 18.147 2.20 0.105
T x D 12 16.026 1.335 0.16 0.999
Error 36 296.67 8.241
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Table 8: Partial correlations from error matrix for Dyspanopeus sayi. Data expressed as 
percentage composition. Similar results were found when data were expressed on a per 
larva basis. P-values based upon Pearson correlation: *** p< 0.001, ** p< 0.01, *p< 
0.05, t  0.05 < p < 0.10.
WE TG FA C UPL PE PC SPH
PRO -0.173 0.043 -0.272 0.198 -0.222 0.421* 0.181 -0.256
SPH -0.078 -0.031 0.191 0.001 -0.002 -0.162 -0.32 I f
PC -0.170 -0.010 0.010 0.231 0.065 0.300
PE -0.164 -0.044 -0.063 -0.067 0.071
UPL 0.277 0.133 0.778*** I o ©
C 0.457** 0.441* 0.076
FA 0.345* 0.188
TG 0.591***
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Table 9 A-B: Multivariate analysis of variance tables for Dyspanopeus sayi. All four diet 
treatments and days 1-5 were included in the analysis. The strength of the interaction 
effect precludes the interpretation of diet contrasts.
A. Percentage composition
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Time (T) 0.987 1.307 27 72 0.184
Diet (D) 1.025 1.384 27 72 0.139
TxD 2.474 1.264 81 270 0.087
B. Per larva
Factor Pialli’s Trace Approx. F DF1 DF2 p-Value
Time (T) 0.844 1.043 27 72 0.428
Diet (D) 1.108 1-562 27 72 0.069
TxD 2.417 1.224 81 270 0.119
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Table 10 A-B: Canonical variate coefficients for the Time x Diet interaction effect in 
Dyspanopeus sayi larvae. In the percentage composition data, the first canonical variate 
explained 71.6 % of the between group difference with a p-value = 0.105. In the per larva 
data, the first canonical variate explained 38.6 % of the variance with p = 0.083. Mo 
additional canonical variates were significant.
A. Percentage composition
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.720 -272.102 -0.359 0.014
TG 0.234 129.433 -0.048 0.752
FA 0.831 146.731 0.311 0.035
C 0.243 51.171 -0.149 0.323
UPL 0.492 9.915 0.664 <0.001
PE -0.264 -40.813 -0.447 0.002
PC -0.841 -167.652 -0.404 0.005
SPH -0.574 -455.172 -0.199 0.912
PRO 0.597 4.291 0.424 0.003
B. Per larva
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.877 -35.246 -0.366 0.013
TG -0.085 -4.645 -0.032 0.823
FA 0.129 2.446 0.335 0.023
C 0.425 8.862 -0.100 0.508
UPL 0.591 1.177 0.644 <0.001
PE -0.920 -14.170 -0.463 0.001
PC -0.348 -6.768 -0.315 0.033
SPH -0.175 -13.053 -0.159 0.290
PPRO 0.961 0.773 0.311 0.035
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Table 11: Partial correlations matrix for Dyspanopeus sayi percentage composition data. 
Treatments 2-4 and days 1-8 were included in this analysis. Similar results were found 
when data were expressed on a per larva basis. P-value based on Pearson correlations:
*** p< 0.001, ** p< 0.01, * p< 0.05, t  0.05 < p < 0.10.
WE TG FA C UPL PE PC SPH
PRO 0.037 0.012 0.270f 0.064 0.247 0.209 0.021 0.324*
SPH -0.055 -0.785 0.461** 0.183 0.658*** -0.026 -0.008
PC -0193 -0.213 -0.001 0.296 -0.010 -0.026
PE 0.188 0.394* 0.631*** -0.034 0.273t
UPL 0.358* 0.269f 0.585*** 0.237
C 0.198 0.115 0.388*
FA 0.350* 0.504**
TG 0.794***
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Table 12 A-B: Multivariate analysis of variance tables for Dyspanopeus sayi. Days 1-8 
and treatments 2-4 were included in this analysis. The contrasts are non-orthogonal, 
therefore significance is inferred at the Dunn-Sidak corrected a*  = l-( l-a )1/p = 0.013.
A. Percent composition
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Time (T) 1.360 0.965 63 252 0.554
Diet (D) 0.761 2.114 18 62 0.016
T xD 2.202 0.879 126 342 0.800
Contrasts
Phyto vs. Zoo 0.451 2.740 9 30 0.018
Phyto vs. Z + PP 0.484 3.126 9 30 0.009
Zoo vs Z + PP 0.236 1.032 9 30 0.438
PP vs Others 0.525 3.687 9 30 0.003
B. Per larva
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Time (T) 1.413 1.012 63 252 0.461
Diet (D) 0.734 1.999 18 62 0.023
T xD 2.205 0.881 126 342 0.796
Contrasts
Phyto vs. Zoo 0.407 2.285 9 30 0.043
Phyto vs. Z + PP 0.459 2.825 9 30 0.016
Zoo vs Z + PP 0.254 1.135 9 30 0.370
PP vs Others 0.483 3.116 9 30 0.009
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Table 13 A-B: Canonical variate coefficients and correlations for the Phyto vs. Others 
contrast in Dyspanopeus sayi. The canonical correlation for percent composition data 
was 0.724 with p = 0.003. In the per larva data, the canonical correlation was 0.695 with 
p = 0.009.
A. Percent composition
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE 0.042 11.842 -0.168 0.199
TG -0.104 -27.415 -0.078 0.549
FA 1.089 246.805 0.346 0.006
C -0.231 -53.940 0.320 0.011
UPL -0.655 -26.436 -0.414 <0.001
PE -0.267 -40.487 0.261 0.041
PC 1.062 182.799 0.895 <0.001
SPH -0.081 -18.883 -0.094 0.468
PRO 0.095 0.814 0.209 0.104
B. Per larva
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.046 -1.115 -0.109 0.401
TG -0.213 -4.536 0.001 0.998
FA 1.432 26.553 0.397 0.001
C -0.269 -5.756 0.425 <0.001
UPL -0.584 -2.499 -0.215 0.093
PE -0.529 -6.280 0.308 0.015
PC 0.921 13.997 0.899 <0.001
SPH -0.116 -3.176 -0.029 0.829
PRO 0.174 0.139 0.418 <0.001
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Figure 1 A-B: Proportional daily survival rates and larval dry weight in  Uca minax. 
Error bars reflect standard errors.
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Figure 2 A-C: Percentage composition of major classes of biochemical constituents 
in Uca minax. Data are expressed as the sum of percentage of dry weight for each 
constituent. Neutral lipids = Wax Ester, Triglyceride, Fatty acids, and Cholesterol. Polar 
lipids = unidentified polar lipid, Phosphatidyl ethanolamine, Phosphatidyl choline, and 
Sphingomylein. Error bars reflect standard errors.
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Figure 3: Canonical variate scores for per larva data in Uca minax. Canonical 
variate scores from the significant (Starved & Phyto) vs. (Zoo & ZPP) contrast. Error 
bars reflect standard errors.
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Figure 4: Canonical variate scores for percent composition data in Uca minax.
Canonical variate scores from the nearly significant Starved vs. Others contrast. Error 
bars reflect standard error.
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Figure 5 A-B: Proportional daily survival rates and larval dry weight in
Dyspanopeus sayL Error bars reflect standard error.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 6 A-C: Percentage composition of m ajor classes of biochemical constituents 
in Dyspanopeus sayu Data are expressed in the same manner as figure 2 A-C.
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Figure 7 A-B: Canonical variate scores in Dyspanopeus sayi, Treatments 1*4.
Canonical variate scores for data expressed as percentage composition and on a per larva 
basis for the nearly significant Time x Diet interaction effect. Error bars reflect standard 
errors.
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Figure 8 A-B: Canonical variate scores in Dyspanopeus sayi, Treatments 2*4.
Canonical variate scores for data expressed as both percentage composition and weight 
per larva for the canonical variate for the Phytoplankton vs. (Zoo & ZPP) contrast. Error 
bars reflect standard error.
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DISCUSSION
While survival and molting success were high in both the Zoo and Z+PP diets, the 
larvae of both species were generally depleted in TG, which is considered to be the 
primary energy storage lipid in decapod crustaceans (Harms et al., 1989; Ouellet and 
Taggart, 1992; Fraser, 1989). Larvae reared on the zooplankton diets used in the present 
study were able to maintain their basal metabolic rates; however, they did not build large 
amounts of reserves during intermolt. This finding is in contrast to typical patterns of 
building lipid reserves during intermoult observed in other crab zoeae (Anger, 1990; 
Lovrich and Ouellet, 1994; Harms et al., 1989).
Previous studies on the biochemical composition of zoeae raised on zooplankton 
diets have utilized Artemia nauplii as an artificial food source. Artemia are an ideal 
laboratory diet because they are easy to maintain and are rich in both neutral lipids and 
essential polyunsaturated fatty acids (McConaugha, 1985). Zoeae reared on this high 
energy diet are likely to have an excess of dietary energy that can be channeled into TG or 
WE reserves. The natural diets in the present study, while able to support both high 
survival and molting success, were not energy rich enough to allow larvae to build large 
neutral lipid reserves. Artemia nauplii were not included in the present study because the 
focus was on the response to natural diets, and they are too large to allow successful 
feeding by Uca minax (pers. observation). The zoeae of Panopeus herbstii, which is 
closely related to D. sayi, reared on natural zooplankton and phytoplankton had reduced
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growth rates relative to those fed Artemia nauplii in laboratory enclosures (Epifanio et al.,
1994).
While TG and WE contents were low, Fatty acid (FA) content was fairly high in 
both species. The high fatty acid content is potentially an indicator of lipid degradation 
during storage and analysis; however, additional breakdown products such as diacyl- and 
monoacylglycerides associated with degradation (Ouellet et al., 1995) were never 
observed. The zoeae of the snow crab Chionoecetes opilio also had relatively high fatty 
acid content in association with a high degree of lipid mobilization during the biosynthesis 
of membrane lipids (Lovrich and Ouellet, 1994). Since samples were stored at -80 °C, 
maintained cold throughout the extraction, and stored under nitrogen for short periods 
between extraction and analysis, it is unlikely that the fatty acid content is reflective of 
degradation. Fatty acids also occurred in zoeae processed immediately after collection 
from the plankton.
The predominance of the polar lipid fraction is a  general pattern in crustacean 
larvae. The larvae of paneid shrimp including Pandalus borealis (Ouellet eta l., 1995), 
Crangon spp. (Kattner et al., 1994) and Penaus japonicus (Rodriguez et al., 1994) all had 
low levels of neutral lipids relative to the polar lipid fraction. The polar lipids, especially 
PC and PE, are primarily incorporated into the lipid bilayer of the cell membrane. The 
fatty acids from the utilization of triglycerides during either ecdysis or starvation are likely 
directed into the phospholipid fraction to support either the maintenance or production of 
cell membranes (Kanazawa et al., 1994; Chandumpai et al., 1991).
The polar lipid catabolization during nutritional stress observed in this study 
highlights the importance of these substrates in the growth and metabolism of crustacean
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larvae. Previous studies of the starvation response in zoeae have primarily focused upon 
the role of neutral lipids and protein metabolism. However, it is apparent from the present 
study and the results of field studies of paneid shrimps (Kattner et al., 1994; Ouellet et al.,
1995) that phospholipid requirements are an important consideration, particularly when 
larvae may already be depleted of triglyceride reserves. In Penaeus japonicus, diets 
deficient in phospholipid resulted in complete mortality within 6 -7  days post hatching 
(Teshima et al., 1986). PC is of primary importance in both the paneid shrimp (O’Leary 
and Matthews, 1990; Teshima et al., 1986) and the American lobster Homarus spp. 
(Kanazawa et al., 1994). Phospholipid deficiency reduces the transport of cholesterol and 
free sterols (Kanazawa et al., 1994). Since sterols are important precursors of the molting 
hormone (Anger and Spindler, 1987), it is likely that phospholipid deficiencies interrupt 
the molt cycle. The phytoplankton diet in the present study was notably depleted of the 
major phospholipids, especially PC. The resulting phospholipid deficiency is at least 
partially responsible for the poor growth and survival of larvae reared on phytoplankton.
The identity of UPL could not be determined by comparison with available 
standards. The Rf value did not coincide with that of either phosphatidyl glycerol or 
phosphatidyl acids, the remaining phosphatides that are prevalent in animal tissues. In 
separation on HPTLC plates, the position of diacylglycerol digalactosyl (DGDG) (Olsen 
and Henderson, 1989) was similar to the position of UPL on the chromarods in the 
present study. DGDG is an important component of the thykaloid membranes of 
chloroplasts in phytoplankton (Olsen and Henderson, 1989); however, the highest levels 
of UPL occurred in starved D. sayi rather than in phytoplankton fed larvae. Since UPL 
was strongly correlated with FA levels, and it was prevalent in the later stages of
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starvation, it is likely that it reflects the mobilization of phospholipid compounds from cell 
membranes. It is therefore potentially a metabolic intermediate produced when the 
remaining phospholipid is broken down just prior to death. The exact identity of the UPL 
and its precise metabolic role remains an important question for future study.
Taxonomy and Nutritional Response
The majority of previous studies on the biochemical responses of crustacean larvae 
have focused on the lobsters (American Lobster, Homarus americanus-, Sasaki, 1984; 
Fraser, 1989), paneid shrimp (e.g., Ouellet et al., 1995; Stuck et al., 1996; Teshima et al., 
1986), and the majid crabs (Anger et al., 1989; Harms et al., 1989; Lovrich and Ouellet, 
1994). The best studied species are also limited to those whose larva develop exclusively 
in oceanic, as opposed to estuarine, habitats. There are considerable differences in the 
development patterns of these taxonomic groups and those in the present study, and there 
are associated differences in nutritional flexibility and biochemical responses.
Paneid shrimp demonstrate a high degree of flexibility in their ability to develop 
successfully on either phytoplankton or zooplankton foods. When fed either herbivorous 
or mixed diets, Paneus japonicus increased trypsin production, thereby increasing protein 
scavenging from both phytoplankton and zooplankton (Rodriguez et al., 1994). In 
contrast, only some pinnotherid species in the brachyuran crabs have the ability to 
complete development on phytoplankton (Bousquette, 1980). The remaining species 
which include the Majidae (Harms and Seeger, 1989), Portunidae (Harms and Seeger, 
1989; Sulkin, 1975), Cancridae (Harms and Seeger, 1989), Panopeidae (Welch and 
Sulkin, 1974; present study), and Ocypodidae (present study) are unable to complete the
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first zoeai molt when fed solely phytoplankton. This suggests that the majority of 
brachyuran crabs lack enzyme systems that allow them to fully scavenge necessary 
nutrients from phytoplankton sources. This is supported by the low assimilation efficiency 
of diatom carbon observed in the majid Chionoecetes biardi (Incze and Paul, 1983). The 
data from the present study indicate that dependence on dietary phospholipids may be 
associated with the lack o f molting and survival in phytoplankton diets. It is apparent 
from both the present and previous studies (Harms et al., 1989) that phytoplankton does 
provide sufficient energy to prolong survival and therefore may play an important role in 
natural populations (Harms et al., 1994).
Differences in nutritional flexibility may also be associated with larval habitat. In 
the present study, U. minax demonstrated much longer survival in the starved and 
phytoplankton treatments compared to D. sayi larvae. This difference is likely associated 
with the efficiency of utilization of protein and phospholipid mobilized from tissues. The 
strongest change in U. minax during starvation was the reduction in absolute protein 
content whereas in D. sayi the strongest changes occurred in the phospholipid fraction 
with reductions in PC and possibly increased mobilization of phospholipids indicated by 
increases in UPL and FA during severe starvation. Depletion of phospholipids from 
membranes would dramatically alter the sterol transport as well as the overall metabolism 
of the organism by changing the membrane fluidity (O’leary and Matthews, 1990). The 
extremely high and rapid mortality and the extremely short time to the PNR experienced 
by D. sayi indicates that this species is poorly adapted to nutritional stress and tends to 
metabolize essential materials rapidly under poor dietary conditions.
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Panopeid species in general appear to be less well adapted to nutritional stress. 
They tend to be developmentally inflexible (Gore, 1985), strongly dependent on high 
quality food resources (Levine and Sulkin, 1984), and vulnerable to short term starvation 
(Anger et al., 1981). These species develop within highly productive estuaries where the 
densities of both phytoplankton and zooplankton prey are likely to be consistendy high. 
Since the probability of experiencing prolonged nutritional stress may be unlikely in these 
systems, these species are poorly adapted to nutritional stress induced in lab studies. 
Panopeid crabs raised under natural conditions in field enclosures showed litde response 
to variation in prey concentration, suggesting that they are generally not exposed to 
nutritional stress in nature (Welch and Epifanio, 1994)
In contrast, species whose larvae develop in the continental shelf such as the 
Portunid crabs (Carcinus maenus and Callinectes sapidus) and the Ocypodids (Uca 
minax, this study) may be more likely to experience nutritional stress due to generally 
lower productivity of these habitats. The greater flexibility in the number of instars and 
reduced reliance on high quality foods observed in C. sapidus are likely an adaptive 
response to the poor nutritional environment experienced on the continental shelf 
(McConaugha, 1985). Uca minax is also well adapted to prolonged nutritional stress 
through the efficient utilization of proteins and phospholipids. Field data indicate that 
larvae in coastal ocean systems are frequently reliant upon primarily phytoplankton diets 
(Harms et al., 1994), suggesting that nutritional stress is an important selective agent in 
these habitats.
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CHAPTER 4:
Variation in the lipid class composition of first stage zoeae of two species of 
brachyuran crabs in Chesapeake Bay.
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ABSTRACT
Crab zoeae require abundant zooplankton prey and dietary sources of 
polyunsaturated fatty acids and sterols for survival. As a result, nutritional stress may play 
an important role in determining recruitment success. The present study examined the 
variability in lipid class composition and protein content of first stage zoeae from two 
species in natural populations. The biochemical condition of larvae from the present study 
was compared to a previous laboratory study to assess the potential influence of 
nutritional stress in the field.
Larvae were collected from three depths (surface, mid-depth, and bottom) 
approximately every six hours at a fixed location in the York River. Sampling coincided 
with maximum flooding and ebbing tides. The polar and neutral lipid class composition of 
first stage zoeae of Uca spp. and Dyspanopeus sayi were analyzed using the Iatroscan 
TLC-FID system. Protein content was evaluated using the Lowry method for soluble 
protein.
A MANOVA model indicated variability in the biochemical composition of larvae 
over tidal and daily time scales. In both species, larval weight and overall lipid content 
was much higher than those in the laboratory study, suggesting that nutritional stress is 
rare in the estuary. The high variability over short time scales suggests that small scale 
physical processes play an important role in determining the dietary conditions 
experienced by crustacean larvae. The highly dynamic environment experienced by larvae 
in the field likely enhances their nutritional state relative to the static conditions typified by 
laboratory studies.
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Nutritional stress, predation, and physical transport processes determine larval 
survival and recruitment success in benthic marine invertebrates (Morgan, 1995; Thorson, 
1950). The high variability in the planktonic habitat has traditionally made measures of 
mortality due to these processes extremely difficult (Morgan, 1995). The role of 
nutritional stress has been historically difficult to evaluate due to complexities in 
measuring the condition of larvae in the field (Olson and Olson, 1992). The conventional 
approach to measuring nutritional stress in larval populations is developing biochemical or 
histological condition indices within laboratory experiments then applying those measures 
to larvae collected from the plankton (Ferron and Legget, 1994; Fraser, 1989; Hakanson, 
1989).
The larvae of brachyuran crabs are potentially susceptible to nutritional stress in 
natural populations (Olson and Olson, 1992; Anger and Dawirs, 1981; McConaugha, 
1985). This is associated with both strong energetic demands during the molt cycle and 
requirements for essential nutrients that must be obtained from dietary sources.
Crustacean larvae must accumulate energetic stores early in the molt cycle to fuel the 
rapid tissue production and growth that accompany ecdysis (Anger and Dawirs, 1981). In 
the absence of food, crab zoeae rapidly reach a Point of No Return (PNR) after which 
molting is no longer possible, regardless of later food availability (Anger and Dawirs,
1981). Crab larvae are also dependent upon dietary sources of both Polyunsaturated Fatty 
Acids (PUFAS, Levine and Sulkin, 1984) and sterols (Whitney, 1969) to successfully 
complete development. While phytoplankton is the likely primary food resource in the
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field (Paul et al., 1989; Harms etal., 1994), zooplankton prey are necessary for survival in 
most families of brachyuran crabs (McConaugha, 1985).
The distribution of both larvae and their prey items in the planktonic habitat is 
extremely variable and patchy. Physical features across a range of scales drive the degree 
of overlap between planktonic organisms, and thereby determine the frequency at which 
larvae encounter zooplankton prey at sufficiendy high densities to allow capture and 
feeding. Tidal fronts (Epifanio, 1987) and ephemeral shear fronts (Garrison, Chapter 2) 
may play an important role in concentrating both larvae and their prey. Since predation 
rates in planktonic systems are driven primarily by contact rates (Rothschild and Osborne, 
1988; MacKenzie and Kiorboe, 1995) and crustacean larvae require high densities of prey 
for successful feeding (Paul et al., 1989), variability in the physical environment is likely to 
strongly influence feeding success.
Nutritional stress potentially plays an important role in determining the recruitment 
success of crustacean larvae. In both the king crab Paralithoides camtschatica (Paul et 
al., 1989) and the paneid shrimp Penaeus merguiensis (Preston et al., 1992) the 
synchronization of hatching events with spring phytoplankton blooms influenced overall 
cohort success. The paneid Pandulus borealis exhibited a large amount of variation in 
nutritional condition as measured by the Triglyceride/Wet weight ratio (TG/WW). While 
larvae generally did not suffer nutritional stress, both larval size and condition were 
greater within local regions where the abundance of copepod prey were high (Ouellet et 
al., 1995). The PUFA content of the paneid Crangon spp. also reflected variability in 
overall food quality. Larvae were depleted of PUFAs during a period of low water 
column productivity and reduced recruitment success. The depletion of PUFAs likely
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resulted from the low availability of high quality prey and resulted in strong impacts on 
overall recruitment success (Kattner et al., 1994). Carcinus maenas (Portunidae) zoeae 
collected from natural populations had biochemical compositions similar to either starved 
larvae or those raised on phytoplankton diets in laboratory studies. These data also 
suggest that larvae are limited by prey quality in natural conditions (Harms et al., 1994).
Previous studies of larval condition in the field are limited to the nearshore 
continental shelf and coastal ocean systems. These habitats generally have low 
productivity relative to estuarine systems. Within estuaries, the brachyuran crabs exhibit a 
wide diversity of adult habitats and larval development and dispersal strategies. The 
extremely dynamic physical regime of the estuarine system interacts with larval behavior to 
determine the overall physical distribution of larvae, and therefore likely influences the 
degree of overlap with prey populations. The present study evaluates variability in the 
biochemical composition of larvae on time scales relevant to tidally driven physical 
processes. Nutritional condition was assessed by comparing larval biochemical 
composition to that in laboratory studies that examined the influence of food quality and 
availability on larval growth, survival, and biochemical composition (Garrison, Chapter 3). 
The study compares the biochemical composition of two species with different larval 
dispersal strategies and degrees of resistance to nutritional stress.
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Target Species: Uca spp. and Dyspanopeus sayi
Three species of genus Uca inhabit the Chesapeake Bay: Uca minax, Uca pugnax, 
and Uca pugilator. The larvae of these species cannot be distinguished in the plankton 
(Sandifer, 1972). The adult habitat is semi-tenestrial in salt marshes throughout the 
estuarine salinity range (Williams, 1984). The larva develops through five zoeal instars 
and a post-larval (i.e., megalopal) stage which re-invades the juvenile and adult habitat 
(Williams, 1984). Early stage zoeae are abundant in the estuary while later stages are 
found near the mouth of primary estuaries or on the nearshore continental shelf (Sandifer, 
1972; Johnson, 1982; Epifanio et al., 1988). Uca minax larvae are resistant to nutritional 
stress and are able to survive beyond five days in the absence of food (Garrison, Chapter 
3). Larvae starved for as long as two days were able to successfully molt, indicating that 
they had not yet reached the PNR (prelim, study).
Dyspanopeus sayi (formerly Neopanope sayi, Martin and Abele, 1986) are 
subtidal crabs that occur in the lower portions of primary and secondary estuaries. The 
four zoeal stages occur within estuaries (Sandifer, 1972; Goy, 1976). Megalopae of the 
panopeids are typically found solely within the estuary (Johnson, 1982), indicating that 
these species are retained throughout larval and post-larval development. Larval survival 
is greatly affected by short periods of starvation early in the zoeal instar (Garrison, 
Chapter 3). Larval molting success was dramatically reduced by one day of starvation 
(Anger et al., 1981), and PNR is reached after as little as 24 hours of starvation (prelim, 
study).
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Sample Collection
Plankton samples were collected at a fixed location in the lower York River 
(Chapter 1, Figure 1) using a centrifugal water pump fitted with variable length intake 
pipes constructed from 2" diameter PVC pipe. Volume flow rates were determined by 
measuring the time to fill a known volume and ranged from 0.452 to 0.546 m^ /  min. 
Replicate samples were taken from each of three depths: surface (0.5 m below water 
surface), mid-depth (1/2 total water column depth), and bottom (0.5 m above the 
substrate). The absolute depth of the mid-depth sample was adjusted to reflect changes in 
water column height associated with tidal stage. Individual replicates consisted of 10-min. 
pumping periods with water volume sampled per replicate ranging from 5.53 to 6.46 m^. 
Three replicates per depth /  time combination were collected.
Plankton samples were collected every other day for eight days (total of four 
dates) beginning on the full moon during August, 1995. There were four sampling 
periods each day at approximately six-hour intervals. Sampling began approximately 30 
minutes prior to the time of maximum flooding or ebbing tidal currents based upon NOAA 
tidal current predictions for Gloucester Point. Replicate 10-min. samples were randomly 
allocated across sampling period, depth, location (20 l-m meter locations along the pier), 
and pump (three pumps).
Immediately following collection, samples were quick frozen at -80 °C and stored 
until biochemical analyses could be performed. Samples were thawed at 10 ° C and 
maintained on ice during sorting. All first stage Uca spp. and D. sayi zoeae were counted 
and removed from the samples and prepared for biochemical analyses.
Biochemical analyses
Prior to analysis, larval dry weight was measured to the nearest 0.1 pg using a 
Cahn-29 electronic microbalance. Larvae were dried for approximately 15 minutes in a
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dessicator. This dry weight was not significantly different from drying at 90 °C for 24 
hours. Appropriate numbers of larvae were analyzed for protein content (2-5 larvae) or 
lipid class composition (10-30 larvae). Samples were maintained cold and under nitrogen 
throughout lipid analyses to avoid degradation.
Soluble protein content was determined after solublizing larvae in 1 N NaOH and 
homogenizing by sonication. Protein concentration was determined using the Lowry et al. 
(1951) colorimetric method on a microplate reading spectrophotometer at an absorbence 
of 690 nm. Protein content was calibrated to a standard curve using bovine serum 
albumin. Protein content was determined from approximately 10-20 pg of dry tissue.
Both polar and neutral lipid class content was determined using the Iatroscan 
TLC-FID system. Lipids were first extracted from homogenized tissues in 2:2:1 
Chloroform: Methanol: Water after Bligh and Dyer (1959). Five pg of stearyl alcohol was 
added to the samples prior to homogenization as an internal standard to correct for 
extraction efficiency. Approximately 50-100 pg of dry tissue was extracted for lipid class 
analysis.
Neutral and polar lipid classes were quantified by standard curve on S-HI 
chromarods using a Mark III Iatroscan analyzer. The sensitivity of measurement was 
approximately 0.2 pg per lipid class. Lipid extracts were concentrated to 1-3 pi and the 
entire sample was spotted on the chromarod.
Neutral lipids were developed in 80:15:0.04 Hexane: Ethyl ether: Water (Fraser et 
al., 1985), the rod was scanned in the TLC-FID analyzer to just above the spotting 
location, measuring the neutral lipid fraction. The rods were then developed for polar 
lipids in 80:40:4:0.25 Chloroform: MeOH: Water: Glacial Acetic Acid, and the complete
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rod was scanned to quantify polar lipid classes. These solvent systems provided excellent 
separation of lipid classes in both developments.
Four neutral lipids (Wax ester (WE), Triglyceride (TG), Fatty Acids (FA), and 
Cholesterol (C)) and four polar lipids (Unidentified Polar lipid(UPL), Phosphatidyl 
ethanolamine (PE), Phosphatidyl cho!ine(PC) and Sphingomylein(SPH)) occurred in the 
larval samples. The unidentified polar lipid had an Rf value slightly higher than that of PE. 
While it appears to be closely related to PE, the Rf value did not correspond to that of 
either Phosphatidic acid or Phosphatidyl glycerol. Because of the similar Rf values, the 
standard curve for PE was used to quantify UPL (see Chapter 3 for discussion of UPL).
Statistical Analyses
The primary goal of this study was to assess the variability in biochemical 
composition and nutritional condition of first stage zoeae associated with the tidal current 
stage. The tidal stage is the primary physical cue in estuarine systems and drives processes 
such as hatching frequency (Morgan and Christy, 1995) and vertical migration behaviors 
(Garrison, Chapter 1) in crustacean larvae. Prey density and composition is likely 
associated with larval position in the water column. In addition, both the degree of 
turbulent mixing and the formation of ephemeral fronts are associated with tidal processes 
(Huzzey and Brubaker, 1988). The variability in physical processes at tidal scales is likely 
to influence contact rates between larvae and their prey and may play an important role in 
determining the frequency and duration of nutritional stress.
A multivariate analysis of variance model was used with the nine biochemical 
constituents as individual variables in the multivariate response. Three factors were
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included in the model: Date, Current Stage (Ebb or Flood), and Light Stage (Night or 
Day). Larval samples from each depth were collapsed into one group per replicate 
representing the larvae in the entire water column. Depth was originally intended to be a 
factor in the experimental design; however, larvae were generally concentrated within one 
depth level, resulting in too few larvae for biochemical analyses in the other depth levels. 
To avoid the resulting missing values which would have created imbalance and reduced 
the robustness of the MANOVA, samples were collapsed across depth for biochemical 
analyses.
While Date was intended primarily as a blocked factor in the experimental design, 
the interactions between all three factors were included in the MANOVA to assess 
variability in tidal stage responses over longer time scales. Since there were significant 
interaction effects with Date, the inclusion of this factor in a three-way factorial model 
provided an accurate description of the multivariate response (Newman et. al, 1997).
Separate MANOVA models were evaluated with biochemical composition 
expressed in two different ways: as percentage of dry weight (percent composition) and 
on a per larvae basis. These two methods of expressing biochemical composition highlight 
different aspects of metabolic changes that were explored within the analysis.
The MANOVA assumes both the multivariate normal distribution of error terms 
and the homogeneity of both variances of each variate and covariances between variates. 
These assumptions are traditionally difficult to test (Bray and Maxwell, 1985). Monte 
Carlo studies of MANOVA models indicate that the relevant test statistics are very robust 
to violations of multivariate normality; however, Type I error rates were significantly 
higher under conditions of heteroscedasticity, though this effect is weakest for Pialli’s
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trace (Johnson and Field, 1993). I examined the variance structure of these data using the 
test described in Hawkins (1981) following the recommendations of Johnson and Field 
(1993). While Hawkins test is sensitive to non-normality, it allows the user to distinguish 
between benign non-normality and potentially harmful heteroscedasticity, and it has been 
calibrated to match the sensitivity of Pialli’s trace to violations of assumptions (Johnson 
and Field, 1993).
Hawkins’ test indicated that the data in this study were generally multivariate 
normal and the variance-covariance heterogeneity was within the guidelines provided by 
Johnson and Field (1993). Approximate F-values and associated p-values were determined 
from Pialli’s trace, which is the most robust MANOVA statistic (Johnson and Field,
1993).
A canonical discriminant analysis was performed within the MANOVA model to 
asses the contribution of individual variates to the between group differences indicated by 
the multivariate response. Pearson correlations between individual variables and the 
overall canonical score (i.e., canonical variate correlations) indicated the amount of 
variance in the canonical score that was associated with a particular variable (Levine,
1977; Bray and Maxwell, 1985; Hand and Taylor, 1991). Between level differences in 
significant effects were evaluated by comparing the means and 95% confidence intervals 
of the canonical variate scores within each group (Bray and Maxwell, 1985).
In addition, a univariate ANOVA model was used to examine the variability in dry 
weight for both species. Date, Light, and Current were included in the complete factorial 
model. Dry weight met the assumptions of both normality (Shapiro-Wilk p >0.25) and 
homogeneity of variances (Levene’s test > 0.34). A Student-Neuman-Keuls multiple
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comparisons test was used to evaluate significant differences between levels in interaction 
effects and main effects with > 2 levels (Day and Quinn, 1989; Underwood, 1997).
Comparison to Laboratory Data
The biochemical data collected in this study were intended for comparison with the 
results of a laboratory study on the effect of food availability and quality on larval 
composition and survival (Garrison, Chapter 3). However, several factors prevent the 
direct comparison of data between these experiments using multivariate techniques such as 
discriminant or factor analyses. The primary barrier is the tremendous difference in both 
larval weight and biochemical composition between the laboratory and field data. This 
difference overwhelms the effects within the two studies and reduces the effectiveness of 
both factor and discriminant analyses. In addition, the data from the laboratory study do 
not have a multivariate normal distribution. While the MANOVA is robust to this 
violation, multivariate discriminant techniques are very sensitive to non-normality, and 
they cannot be used with this data (Levine, 1977). Multivariate techniques are of little use 
in comparing the data from the present study to that of the laboratory study because of 
these factors. Instead, the general differences between the two studies will be discussed 
based upon differences in summary univariate responses that reflect the overall 
multivariate responses: Larval weight, TG content, total neutral lipids, total phospholipids, 
and protein.
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RESULTS
General Lipid Class Composition
The total lipids of both species were dominated by triglyceride, phosphatidyl 
choline, and the unidentified phospholipid (Table 1 A-B). Triglyceride accounted for the 
majority of the neutral lipid fraction, though cholesterol was also an important component. 
The Uca spp. larvae had higher triglyceride content than D. sayi (Table 1 A-B). The 
polar lipid fraction accounted for approximately 63 % of the total lipid in Uca spp. and 67 
% in D. sayi. PC was the most important polar lipid with both UPL and PE in 
approximately equal amounts (Table 1 A-B).
Uca spp.
The multivariate analysis of variance of biochemical composition of Uca spp. 
indicated significant effects by all three factors: Date, Light and Current Stage. Similar 
patterns of significance and correlations were observed when data were expressed on a per 
larva basis, therefore only the percent composition data will be presented (Table 2A). The 
main effects of date and current were highly significant; however, these main effects 
cannot be directly interpreted because of significant interactions between Date and Current 
(DxC, Table 2A) and Date and Light (D xL ,  Table 2A). The error correlations matrix 
showed strong correlation between the individual variates, particularly cross-correlation 
between Cholesterol and the Phospholipid groups (Table 3).
The canonical variate correlations for both interaction effects indicate that the 
phospholipid classes (PC, PE, SPH, and UPL) are primarily responsible for the between
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group differences in canonical scores. Fatty acid content was also important in the overall 
canonical score (Table 4 A-B).
The canonical scores show little systematic effect in the data. The main effect of 
current was highly significant (Table 2A), and there is a general indication that the 
canonical variate score is higher during flood tides (Figure 1 A); however, this pattern is 
variable, and the difference between current stages is small on both 28-August and 30- 
August (Figure 1 A). The light effect is similarly variable and appears to be driven 
primarily by date (Figure IB). The canonical score on 28-August is notably low compared 
to the other three dates, indicating that larvae were depleted of both phospholipids 
(primarily PC) and FA on this date. The higher canonical scores during both the day and 
the flood current stage indicate that larvae had both higher relative and absolute content of 
phospholipids and FA during these periods.
Dyspanopeus sayi
Significant current and date main effects were also indicated in the D. sayi 
MANOVA, and there were significant interactions as well (Table 5 A-B). Both the 
percent composition and per larva data reflect similar significant effects. The Date x Light 
and Light x Current interaction effects were highly significant and the three-way D x L x C 
effect was borderline but non-significant in the percent composition data (Table 5A). The 
same two-way effects were indicated in the per larva data; however, the three-way effect 
was highly significant (Table 5B).
The partial correlations matrix for the data expressed both as percent composition 
and per larvae indicate extremely strong cross-correlations between the individual variates.
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The only constituents that were uncorrelated with the others were Protein and WE (Table 
6, percent composition data shown).
In the percent composition data, the canonical variate correlations indicate that 
both significant two-way effects were driven primarily by changes in WE, FA and UPL; 
however, the correlations were different between the two different effects (Table 7 A-B). 
In the D x C interaction, the strongest correlation was a positive correlation with FA.
Both UPL and WE also showed significant but weaker correlations with the canonical 
score (Table 7A). Larvae generally had higher scores, and therefore FA content, during 
flood tides (e.g., Dates 26-August and 1-September); however, there were non-significant 
current differences on dates 28 and 30-August (Figure 2A). Larvae were particularly 
enriched during the flood tides on 26-August, likely driving the significant interaction 
effect.
In the L x C interaction, the strongest variate correlations were with WE, C, and 
UPL. In contrast to the D x C effect, the correlations with WE and UPL were negative, 
indicating that a positive canonical score reflected lower content of these constituents 
(Table 7B). The canonical scores showed a variable relationship between composition 
and both the current and light effects. The scores indicated that larvae had reduced WE 
and UPL contents during night-time ebb tides and daytime flood tides (Figure 2B). The 
current effect was weak during daytime samples, but larvae were significantly more 
enriched in WE during night flood currents as compared to day floods (Figure 2B).
When data were expressed on a per larva basis, the significant three-way effect 
(Date x Current x Light) precluded direct interpretation of simpler two-way effects. The 
significant canonical variates indicated that the primarily energetic neutral lipids (WE, TG,
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and FA) and UPL were strongly positively correlated with the canonical score and are 
driving the between group differences (Table 8).
The canonical scores showed different patterns between day and night samples. 
During night samples, larvae were generally more enriched in neutral lipids during flood 
currents. This difference was strongest on dates 26 and 28-August and reversed on 30- 
August (Figure 3 A). During day samples, there was no indication of a significant current 
effect on any date, though larvae had weakly higher scores during the flood tide on 1- 
September (Figure 3B). While there was a high degree of statistically significant variation 
by current stage and light, there were few consistent patterns in these data.
Larval Weight
In Uca spp., there were highly significant main effects o f current, light, and date on 
dry weight (Table 9A). The interaction between Date and Light was nearly significant, 
and this effect was interpreted to avoid potential confounding effects between the main 
factors. Mean larval dry weight was significantly higher during ebb tides than during flood 
tides (Figure 4A). The mean difference in larval weight was approximately 1.5 pg, or 
19% of total body weight. This difference was also highly significant in the more 
conservative SNK multiple comparisons test between the two stages. The nearly 
significant Date x Light interaction effect indicated that the primary differences in larval 
weight were associated with date. Where the light effect was significant, larvae were 
slightly larger during night periods as compared to the day (e.g., Dates 26 and 30- 
August). The light main effect was not significant in the SNK test. The date effect
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indicated that larvae generally increased in weight over time, with the larvae on days 30- 
August and 1-September significantly larger than those on the earlier dates (Figure 4B).
In Dyspanopeus sayi, there were only weak effects on larval weight. There were 
no significant main effects, and only a weakly significant Date x Light interaction and a 
borderline non-significant Current x Light interaction (Table 8B). The SNK indicated no 
significant differences between light stages on the different dates. Larvae were 
significantly larger on date 828 than the other three dates, primarily during the night 
samples (Figure 5A). While the current x light interaction effect was nearly significant, the 
SNK did not indicate any significant differences. Larvae were slightly larger during the 
day ebb than during the flood current stage (Figure SB). In general, there were only weak 
and variable effects of date, light, and current stage on larval weight in D. sayi.
Comparison to Laboratory Data
In both species, there were dramatic differences in biochemical composition 
between the laboratory and field studies. Total weight, total neutral lipid content, and 
total phospholipid content were nearly twice as high in field caught larvae compared to 
those in laboratory studies (Figures 6 and 7). Triglyceride content ranged between 1 - 3% 
in field caught larvae, while it ranged between 0.05 and 0.15 % in laboratory larvae 
(Figures 6 and 7). Protein content was approximately 10% higher in larva from the field 
in Uca spp. (Figures 6).
There were few cases where larvae from the field were similar to those in the 
laboratory. In Uca spp. the total phospholipid (TPL) on 26-August averaged 
approximately 4.5%. This is similar to the level observed in all laboratory treatments
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which averaged near 3% total phospholipid. In D.sayi, larvae from the field had protein 
contents ranging between 27-44 %. Protein content in laboratory studies also averaged 
approximately 30 % in all treatments. While these similarities may be important, the 
overall patterns indicated that larva in the field were in a considerably better nutritional 
condition than those in the laboratory study.
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Table 1 A-B: Mean percent composition of neutral and polar lipid classes. 
A. Uca m inax
2 0 3
Lipid Class Percentage Dry Weight
Percentage 
Total Lipid
WE 0.128 1311
TG 2.085 21.352
FA 0.523 5.356
C 0.998 10.220
UPL 1.381 14.143
PE 1.608 16.647
PC 2.699 27.640
SPH 0.343 3313
B. Dyspanopeus sayi
Linid Class Percentage Percentage
Dry Weight Total Lipid
WE 0.172 1.618
TG 1.469 13.817
FA 0.862 8.108
C 0.964 9.066
UPL 2.005 18.858
PE 1.657 15.585
PC 3.115 29.298
SPH 0.388 3.649
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Table 2 A-B: Multivariate analysis of variance tables for Uca spp. Data are standardized 
either as percentage of dry weight (percent composition) or on a per larva basis.
A. Percent composition
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Date (D) 1.451 2.394 27 69 0.002
Light (L) 0.485 2.199 9 21 0.066
Current (Q 0.786 8.591 9 21 <0.001
D xL 1.264 1.862 27 69 0.020
D xC 1.353 2.098 27 69 0.007
L x C 0.351 1.263 9 21 0.312
D x L x C 0.739 1.434 18 44 0.164
B. Per larva
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Date (D) 1.399 2.234 27 69 0.004
Light (L) 0.445 1.871 9 21 0.114
Current (Q 0.784 8.486 9 21 <0.001
D x L 1.366 2.136 27 69 0.006
D xC 1.333 2.045 27 69 0.009
Lx C 0.379 1.422 9 21 0.241
D x L x C 0.786 1.584 18 44 0.107
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Table 3: Partial correlations for error matrix for Uca spp. percent composition. Similar 
results occurred when data was expressed on a per larva basis. P-value based on Pearson 
correlations: *** p< 0.001, ** p< 0.01, * p< 0.05, t  0.05 < p < 0.10.
WE TG FA C UPL PE PC SPH
PRO -0.039 -0.063 -0.102 -0.091 -0.201 0.089 0.211 0.013
SPH 0.279 0.532** 0.144 0.650*** 0.549** 0388* 0.782***
PC 0.274 0.459* 0.535** 0.739*** 0.791*** 0.598***
PE -0.088 0.221 0.355t 0.407* 0.350t
UPL 0.631*** 0.268 0.793*** 0.470**
C -0.106 0.375f 0.275
FA 0.621*** 0.310
TG 0.016
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Table 4 A-B: Canonical variable coefficients and correlations for Uca spp. percent 
composition data. The first canonical variate was significant for the Data x Light 
interaction effect at p = 0.018. The canonical correlation was 0.798 and the variate 
explained 65.2 % of the variance. In the Date x Current interaction, the canonical variate 
was significant at p = 0.004. The canonical correlation was 0.841 and accounted for 71.3 
% of the variance.
A. Date x Light Interaction Effect
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.786 -280.653 0.389 0.009
TG -0.345 -13.736 0.163 0.291
F 1.748 386.158 0.733 <0.001
C 0.167 52.138 0.481 0.001
UPL -0.080 -4.959 0.641 <0.001
P 0.308 36.728 0.513 <0.001
P -2.429 -178.301 0.604 <0.001
SPH 3.034 1056.171 0.799 <0.001
PRO -0.499 -3.950 0.043 0.778
B. Date x C urrent Interaction Effect
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -2.149 -767.788 0.363 0.016
TG -0.872 -34.679 -0.109 0.483
F 2.192 484.196 0.726 <0.001
C -1.451 -451.937 0.119 0.439
UPL 0.797 49.482 0.682 <0.001
P -0.499 -59.534 0.405 0.006
P -0.624 -45.752 0.515 <0.001
SPH 2.931 1020.100 0.634 <0.001
PPRO -0.004 -0.034 0.214 0.162
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Table 5 A-B: Multivariate analysis of variance table for Dyspanopeus sayi. Data are 
standardized either as a  percentage of dry weight (percent composition) or on a per larva 
basis.
A. Percent Composition
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Date (D) 1.456 2.411 27 69 0.002
Light (L) 0.300 1.001 9 21 0.469
Current (C) 0.540 2.743 9 21 0.027
D x L 0.854 1.018 27 69 0.459
D xC 1.323 2.015 27 69 0.010
L x C 0.642 4.177 9 21 0.003
D x L x C 0.816 1.685 18 44 0.080
B. Per Larva
Factor Pialli's Trace Approx. F DF1 DF2 p-Value
Date (D) 1.518 2.619 27 69 0.001
Light (L) 0.421 1.694 9 21 0.153
Current (C) 0.595 3.428 9 21 0.010
D xL 1.059 1.394 27 69 0.136
D xC 1.316 1.998 27 69 0.011
L x C 0.658 4.497 9 21 0.002
D x L x C 0.946 2.195 18 44 0.017
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Table 6: Partial corelations from error matrix for Dyspanopeus sayi percent composition 
data. Similar results occurred when data was expressed on a per larva basis. P-value 
based on Pearson correlations: *** p< 0.001, ** p< 0.01, * p< 0.05, t  0.05 < p < 0.10.
WE TG FA C UPL PE PC SPH
PRO 0.000 0.045 -0.102 0.117 -0.125 -0.076 0.014 -0.042
SPH -0.142 0.819*** 0.697*** 0.645*** 0.809*** 0.805*** 0.870***
PC -0.060 0.921*** 0.775*** 0.863*** 0.869*** 0.820***
PE -0.049 0.775*** 0.707*** 0.776*** 0.714***
UPL -0.168 0.773*** 0.870*** 0.601***
C 0.029 0.844*** 0.618***
FA -0.074 0.722***
TG -0.071
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Table 7 A-B: Canonical variate coefficients and correlations for Dyspanopeus sayi 
percent composition data. Only the first canonical variate was significant in both analyses. 
For the Date x Current interaction effect the canonical correlation was 0.772, the variate 
explained 54.5 % of the variance and p = 0.012. In the Light x Current interaction, the 
correlation was 0.801, the variate explained 70.2 % of the variance and p= 0.003.
A. Date x Current interaction effect
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE 0.238 108351 0.344 0.022
TG 0.138 14.289 -0.051 0.744
FA 1.623 243.310 0.651 <0.001
C 0.236 52.802 -0.240 0.116
UPL 0.373 26.119 0.391 0.009
PE -0.748 -48.504 -0.358 0.017
PC -1.151 -79.000 -0.165 0.285
SPH 0.033 9.908 -0.260 0.088
PRO 0.421 2.899 -0.056 0.718
B. Light x Current interaction effect
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE -0.634 -289.721 -0.581 <0.001
TG -1.508 -156.170 -0.136 0.377
FA 0.904 135.051 0.093 0.548
C 0.387 86.643 0.396 0.008
UPL -1.983 -138.800 -0.324 0.032
PE -0.261 -16.978 0.264 0.084
PC 1.956 134.257 0.189 0.220
SPH 0.431 136.947 0.191 0.215
PPRO -0.158 -1.089 -0.019 0.898
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
210
Table 8: Canonical variate coefficients in Dyspanopeus sayi. Data are presented on a  per 
larva basis. Only he first canonical variate was significant in the Date x Current x Light 
interaction effect at p = 0.0IS. The canonical correlation was 0.7842, and the variate 
explained 76.4 % of the variance.
Variate Standardized
Coefficient
Raw
Coefficient
Variate
Correlation
p -value
WE 0.498 8.811 0.575 <0.001
TG 0.807 5.190 0.358 0.017
FA 0.429 2.882 0.654 0.001
C 0.798 10.958 -0.056 0.718
UPL 1.508 4.898 0.578 <0.001
PE -0.203 -0.949 -0.366 0.015
PC -2.256 -8.248 -0.029 0.853
SPH -0.169 -2.988 -0.251 0.101
PRO 0.249 0.042 0.094 0.546
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Table 9 A-B: Analysis of variance tables for Uca spp. and Dyspanopeus sayi. Dry 
weight per larva was the response variable for both species.
A. Uca spp.
Factor DF SS MS F P'Value
Date (D) 3 314.285 104.761 8.46 0.003
Current (C) I 109.467 109.476 8.84 0.006
Light (L) I 73.796 73.796 5.96 0.025
C x L L 18.410 18.410 1.49 0.232
D xC 3 54.012 18.003 1.45 0.246
D x L 3 97.869 32.629 2.63 0.067
D x L x C 2 9.421 4.710 0.38 0.687
Error 31 383.807 12.381
B. Dyspanopeus sayi
Factor DF SS MS F p* value
Date (D) 3 299.156 99.719 1.72 0.186
Current (C) I 6.124 6.124 0.11 0.748
Light (L) I 0.823 0.823 0.01 0.906
C x L I 207.622 207.622 3.57 0.069
D xC 3 322.554 107.518 1.85 0.160
D xL 3 534.154 178.051 3.06 0.044
D x L x C 2 279.695 139.847 2.41 0.108
Error 29 1686.165 58.144
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Figure 1 A-B: Canonical variate scores for Uca spp. Mean canonical variate scores for 
the Date x Current and Date x Light interaction effects. Only percent composition data 
are shown. Error bars represent 95 % confidence intervals.
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Figure 2 A-B: Canonical variate scores for Dyspanopeus sayi. Data ate expressed as 
percentage composition. Mean canonical variate scores for the Date x Current and Light 
x Current interaction effects. Error bars reflect 95% confidence intervals.
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Figure 3 A-B: Canonical variate scores for Dyspanopeus sayi. Data are expressed on 
a per larva basis. Mean canonical variate scores for the Date x Current x Light interaction 
effect. Error bars reflect 95% confidence intervals.
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Figure 4 A-B: Dry weight per larva for Uca spp. Mean dry weight per larvae for the 
Current main effect and the Date x Light interaction effect. Bars with different letters are 
significantly different (Student-Neuman-Keuls multiple comparisons test). Error bars 
reflect 95% confidence intervals.
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Figure 5 A-B: Dry weight per larva for Dyspanopeus sayi. Mean dry weight per larva 
for the Date x Light and Current x Light interaction effects. No significant differences by 
light were detected with the Student-Neuman-Kuels (SNK) multiple comparisons test in 
the D x L interaction. No differences were detected in the C x L interaction. Bars with 
different letters are significantly different. Error bars reflect 95% confidence intervals.
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Figure 6: Comparison between laboratory and field data in Uca spp. Comparisons 
between laboratory and field data based upon five summary measures. Lab data (left 
column) are plotted by diet treatment (Chapter 3) while field data are plotted by data 
(right column). The summary variables are Dry Weight / Larva (Wt), Percent triglyceride 
(TG), Percent total neutral lipid (TNL), Percent total polar lipid (TPL), and Percent 
protein (PRO). Error bars reflect 95% confidence intervals. Note scale differences 
between lab and field data.
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Figure 7: Comparison between laboratory and field data in Dyspanopeus sayi. 
Comparisons between laboratory and field data based upon five summary measures. 
Symbols are identical to those in figure 6. Lab data are plotted for three diets averaged 
over eight days (Chapter 3). Error bars reflect 95% confidence intervals. Note scale 
differences between lab and field data.
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DISCUSSION
2 2 6
There was considerable variability in the biochemical composition of larvae from 
both species over tidal and daily time scales. Larva collected from the field were 
significantly larger, had higher neutral and phospholipid content, and much higher 
triglyceride content than those raised in the laboratory. Based upon these comparisons it 
is unlikely that the larvae sampled from field populations were suffering nutritional stress.
The variability in biochemical condition appears to be associated with physical 
processes on tidal scales. This is particularly apparent in Uca spp. zoeae. The significant 
difference in larval weight between tidal current stages likely reflects two different cohorts 
of larvae rather than a strong tidal influence on a single population. The percentage 
weight change between the current stages was approximately 20%, which is too high to 
attribute to dietary or nutritional effects. Since the sampling design in the present study 
takes a Eulerian view of the water column, the variation in larval weight is likely 
associated with the movement o f different groups past the sampling location. The 
abundance of Uca spp. larvae at this site was generally higher during ebbing tides as 
compared to flood tides (Garrison, Chapter 1) again reflecting the differentiation between 
populations on tidal scales. The same patterns of abundance were observed in the present 
study (data not shown).
The highest densities of Uca spp. larvae generally occur upstream near the head of 
the York River and decline near the mouth of the river and the primary estuary (Sandifer, 
1972). It is likely that the larvae sampled during ebbing tides were transported 
downstream from hatching events upriver while those sampled during flooding tides were
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from local populations. Therefore, it is likely that larvae sampled on ebbing tides were 
older than those on flooding tides, possibly accounting for higher weights during ebb tides.
In addition to the strong effect on larval weight, there is a possible effect of current 
stage on the overall phospholipid content of Uca spp. larvae. This effect was not 
consistently observed on the four dates sampled; however, where there was a difference in 
composition between current stages, larvae sampled on flood tides had higher canonical 
scores. The significant current effect also indicates that this trend was important when 
averaged across dates.
The larvae sampled during ebb tides were generally more depleted of 
phospholipids than those sampled during flood tides, and the primary response to 
nutritional stress observed in the laboratory study was a reduction in phospholipid content 
(Garrison, Chapter 3). The reduction in overall phospholipids suggests that larvae 
sampled during ebb tides are experiencing overall poorer food conditions than those on 
flood tides. It should be noted that only on 28-August was overall phospholipid content in 
field larvae near that of laboratory reared larvae, suggesting that there may have been 
some impact of nutritional stress on this date.
In D. sayi larvae, there was no indication that different cohorts were sampled 
based upon weight. The observed changes in biochemical composition in D. sayi were 
driven by FA and WE rather than phospholipid content as in Uca spp. There was little 
systematic variation in these data, indicating that larval condition changed rapidly over 
short (~6 hour) time scales. Larvae were particularly enriched in WE and FA during 
samples on date 26-August. Interestingly, the lowest protein content also occurred on this 
date. These data suggest that larvae during this time period were experiencing different
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
228
prey conditions from those on the remaining days were protein content was slightly higher 
and neutral lipid levels were lower. While the protein content on this date was similar to 
that observed in laboratory data, the extremely high neutral lipid content would suggest 
that larvae had high levels of energetic reserves and were not experiencing nutritional 
stress.
The data from this study indicate that while there is considerable variability in the 
biochemical composition of crab zoeae, there is little probability that they experience 
nutritional stress in the estuary. One notable feature is the extremely short time scales 
over which the composition of larvae change. This is consistent with the generally patchy 
and variable distribution of both predators and prey within this system. Small scale 
turbulence and frontal systems can play an important role in determining the contact rates 
between predators and prey in planktonic systems (Rothschild and Osborne, 1988). These 
processes are typically important on time scales of hours to days similar to the time scales 
observed in the variability observed in the present study. While larvae may experience 
periods where food availability is low associated with entrainment in relatively depleted 
water masses, both larval swimming behaviors and the rapid mixing inherent in turbulent 
systems will reduce the amount of time larvae are retained in these patches. Since crab 
zoeae are within the same general size range as their zooplankton prey, physical processes 
that concentrate zoeae will also likely concentrate prey items, again reducing the potential 
for starvation.
The extreme differences in larval weight and triglyceride content between the 
laboratory and field studies may reflect differences in the physical environment. The 
larvae in laboratory studies were maintained within static water conditions with the
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exception of brief periods associated with water and food changes. Under these typical 
laboratory conditions, larvae require high densities of prey items to maintain feeding (Paul 
et al., 1989). However, under field conditions in the presence of mixing, larvae may be 
capable of more efficient feeding due to physical enhancement of contact rates. A similar 
pattern was observed in the panopeid Panopeus herbstii. In either small or large static 
laboratory containers, larval growth rates were low and were strongly influenced by prey 
density (Welch and Epifanio, 1995; Epifanio et al., 1994). However, in large field 
enclosures where mixing occurred, larval growth rates on natural diets were much higher 
and were unaffected by prey density (Welch and Epifanio, 1995). Larvae in the field 
enclosures were approximately twice as large and had faster development rates than those 
in laboratory studies raised on similar diets. The patterns observed in the present study 
support these conclusions and suggest that the physical mixing regime experienced in field 
conditions is essential for the feeding efficiency of crab zoeae, and therefore reduces the 
probability that larvae will experience nutritional stress under natural conditions in the 
estuary.
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SUMMARY AND CONCLUSIONS
The approach in this dissertation was to examine behavioral and biochemical 
mechanisms on the scale of the organism and relate these processes to potential 
recruitment success. Studies of larval ecology have traditionally focused on large scale 
patterns and processes. The prevailing theories describing the evolution of larval dispersal 
strategies in estuarine crabs recognize the importance of large scale gradients in predation 
pressure between the estuary and the continental shelf. While the results from the present 
study reflect the influence of large scale processes, physical variability on smaller temporal 
and spatial scales also plays an important role in determining larval survival and 
recruitment success.
Larval dispersal patterns in brachyuran crabs are driven by the interactions between 
larval behavior and physical mechanisms in estuarine systems. While specific estuaries are 
geologically young, the estuarine habitat is likely a persistent feature of continental 
margins. Processes on evolutionary time scales may select for behavioral strategies that 
take advantage of persistent features of this habitat. Larval behavior appears to be 
strongly tied to the physical features of local estuaries and promotes specific dispersal 
patterns. This was the case in Uca spp. zoeae that had vertical migration behaviors 
strongly cued to the tidal current stage. The results from the modeling study indicated 
that these behaviors result in rapid, consistent export from both hatching habitats and the 
estuary. The strength of the association between physical processes and behavior in this 
species likely reflects the constraint imposed by large scale
235
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selective processes. There is apparently strong selective pressure promoting dispersal 
from the estuary, and larval behaviors reflect this pressure.
In contrast, both pinnotherid and panopeid larvae showed weaker association 
between behavior and specific dispersal strategies. The larvae of both species have better 
anti-predator defenses than Uca spp., likely reducing the constraint on recruitment success 
imposed by predators. In the case of the pinnotherids, the addition of light limitation of 
upward migration to the ebb phased tidal migration tends to reduce the rate of export and 
increase residence time in shallow habitats. These transport implications are side effects of 
a larval behavior typically adaptive for predator avoidance. Since tidal and light cycles are 
out of phase in the Chesapeake Bay region, the light signal does not coincide with physical 
cues that would promote a specific dispersal pattern. The benefit of predator avoidance 
associated with the light driven behavior is complicated by the large scale gradients in 
predation pressure. While predation rates may be reduced by avoiding predators near the 
surface, larvae spend a longer amount of time within the estuary where predator densities 
are highest. This potential trade-off reflects the confounding influence of behaviors on 
small scales having a strong influence on dispersal patterns on larger scales.
The reduced degree of transport associated with the light limited behavior may 
have an additional indirect advantage. The Pinnotheridae tend to be highly endemic 
species and have a limited habitat due to their commensal life style. This specific habitat 
requirement likely reduces the benefits of broad dispersal, since post-larvae and early 
juveniles would have to spend a large amount of time seeking suitable settlement habitats. 
The reduction of transport due to light limitation may benefit these species by indirectly
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reducing dispersal away from hatching grounds. While the light limited behavior is most 
likely not selected for by physical transport considerations, the indirect benefits of 
reducing the scale of dispersal may be an important side effect
The importance of smaller scale processes is also apparent in the modeling study. 
Tidal vertical migration behaviors employed by crab zoeae result in similar large scale 
dispersal patterns to those observed in simple non-migrating particles. Larvae are able to 
accomplish either rapid export or strong retention in the absence of complex adaptive 
behaviors. This result is contrary to the theory that tidal vertical migration behaviors are 
adaptive mechanisms strongly associated with promoting a specific large scale dispersal 
pattern. However, the vertical migration behaviors promote a significant advantage by 
resulting in rapid export from tidal creeks where residual flows are weak. Since these 
creeks are the site of both the highest densities of predators and the highest densities of 
crab zoeae immediately after hatching, the amount of time larvae spend in this habitat 
likely has an important influence on overall recruitment success. This result again 
highlights the importance of small scale features in determining recruitment success.
Larvae spend a very small proportion of the planktonic period within shallow hatching 
habitats; however, the high predation rates within these habitats may have a strong 
influence on overall cohort mortality. Larval behaviors and hatching rhythms that promote 
rapid export from these habitats may result in significantly higher recruitment success.
The modeling study also indicated the importance of physical processes that result 
in lateral structure in the distribution of vertically migrating larvae. The majority of 
attention has focused on along stream transport and movements of larvae between the 
estuary and the continental shelf. However, it is apparent that tidal shear fronts and other
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physical processes on scales less than 1 km may strongly influence the ecology of crab 
zoeae. The concentration of larvae and other planktonic organisms within ephemeral 
fronts may be a consistent feature among coastal flood plain estuaries. The high 
concentrations of both predators and prey within these frontal systems will have a strong, 
though intermittent, effect on trophic interactions. The importance of factors such as 
predation and nutritional stress are likely to be dependent upon the relative density of 
predators and prey and the turbulence of the water column which influences both contact 
rates and handling efficiency. In addition, frontal systems maintain large patches of zoeae 
and may serve to enhance estuarine retention. The influence of frontal systems remains 
poorly studied. However, it is increasingly apparent that they have a strong influence on 
larval recruitment dynamics.
The results of the nutritional stress aspect of this dissertation also indicate the 
importance of both large scale and small scale processes on larval recruitment. The 
laboratory study indicated differences between both the survival rates and the efficiency of 
metabolism between species that develop in different larval habitats. Larvae that are 
retained within highly productive estuaries (Dyspanopeus sayi) are highly susceptible to 
nutritional stress and appear to rapidly metabolize phospholipids that are essential for cell 
membrane structure and function during poor food conditions. Uca minax larvae that 
develop on the continental shelf where prey density is lower are better able to survive 
during starvation and tend to conserve both phospholipids and neutral lipids during 
nutritional stress. These differences likely reflect the large scale characteristics of the 
different larval habitats.
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The field study indicates the importance of the estuary as a potential nursery 
habitat. The zoeae of both species had high levels of energy stores in the form of 
triglycerides, and they were nearly twice as large as those in the lab study. Despite the 
fact that larvae in the lab were feeding on similar prey at very high concentrations, larvae 
in the field had much higher energetic stores. This reflects the highly productive nature of 
the estuary and the importance of the dynamic physical environment larvae experience in 
the Held as compared to lab studies. This period of energy accumulation is likely very 
important for exported species. The energy gained during the early zoeal stages that feed 
in the estuary for several days may potentially serve as an energy resource during the poor 
nutritional conditions experienced on the continental shelf. This hypothesis should be 
tested by collecting larvae from the shelf habitat and examining changes in biochemical 
composition and nutritional condition.
The high amounts of variability in the biochemical composition of larvae in the 
field reflects the importance of small scale processes. Planktonic organisms are generally 
patchily distributed. Turbulent and frontal processes that tend to concentrate and disperse 
patches of both larvae and their prey will be important in determining the frequency and 
duration of nutritional stress. The field data indicated that the majority of variation in 
nutritional stress occurred over the period of the tidal cycle. There were typically strong 
differences in nutritional condition on time scales as short as six hours. In addition, tidal 
scale physical processes appear to be important in maintaining discrete patches of larvae in 
Uca spp. The small scale physical processes that maintain these patches and determine the 
distribution of prey items between patches will have an important influence on the trophic 
dynamics in planktonic systems and the recruitment success of crab zoeae.
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While important questions remain to be answered, this dissertation highlights 
aspects of the ecology of crab zoeae and benthic marine invertebrate larvae in general that 
have traditionally received little attention. The interaction between larval behaviors on 
scales of meters and larval dispersal over hundreds of kilometers involves several potential 
trade-offs that complicate the simple picture of dispersal selected by gradients in predation 
pressure. Tidal fronts play an important role in maintaining high concentrations of larvae 
within local areas of the estuary and likely strongly influence recruitment success. Physical 
variability on tidal scales strongly influences larval biochemical composition which reflects 
nutritional state. These conclusions center on the importance of small scale processes in 
driving the ecology of planktonic larvae. These processes have traditionally been difficult 
to study in the field. However, new technologies should provide the tools that will allow 
detailed examination of larval distributions and trophic interactions. These types of future 
studies are necessary for understanding the processes underlying recruitment variability 
and the evolution of larval strategies in benthic marine invertebrates.
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